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ABSTRACT
The discovery of superconductivity in MgB2, a binary intermetallic, by Jun Akimitsu in Japan
created huge among the scientific community in applied superconductivity research. Extensive
researches have been carried out throughout the last decade to make it viable for practical
application. It is considered as the potential candidate for replacing conventional low
temperature superconductors (LTS) and high temperature superconductors (HTS) due its
remarkable properties, such as comparatively high critical temperature of 39 K, simple
crystalline structure, weak link free grain boundaries, low materials cost. Soaring helium price
is a serious threat to LTS. On the other hand, more than 20 years of efforts did not reduce the
production cost of HTS. In addition, larger coherence length and lower anisotropy make MgB2
competitive with HTS. Therefore, MgB2 is technologically and economically viable conductor
than LTS and HTS.
One of the possible applications of MgB2 conductor is in superconducting magnets. Where,
both high field and low field performance is very crucial factor from the application point of
view. Previously, many researches have been successfully done to improve high field
properties by carbon doping but low field performance is still poor. The best performance
MgB2 wire fabrication technique to date relies on the use of high purity amorphous boron
powder, which is almost unavailable and very expensive. All commercial wires are produced
using only amorphous boron powder. The high-field Jc of wire made from crystalline boron is
significantly lower than that using amorphous boron when these are treated in identical
conditions. Amorphous boron powder is made using radio frequency (RF), plus unavailability
of high quality precursor boron powder has become a blocking factor for further progress in
development of MgB2 wire. Crystalline boron is a cheaper and readily available precursor
powder. However, when it reacts with Mg to form MgB2, a relatively high sintering
1

temperature or long sintering times are required, which incubates grain growth and hence will
reduce the pinning force as the grains become larger, and thereby, the Jc is decreased.
In this thesis, an economic solution has been proposed to fabricate high performance in-situ
powder in tube (PIT) MgB2 wire. A systematic approach has been followed to address the
existing problems associated with the commercially feasible conductor.
Firstly, chemical doping method has been used to enhance the superconducting performance.
From the previous knowledge, it is well established that chemical doping is the simplest and
cheapest way to improvise the electronic structures of superconductors and their
superconducting performance. To date, much attention has been paid to the enhancement of
the high-field Jc properties of MgB2 wires and carbon substitution on boron sites by chemical
doping with nano-SiC, carbon nanotubes, nano-carbon, carbohydrate, etc. Carbon dopant has
proved its potential to enhance the high-field properties, although researchers are still
struggling to improve the low-field Jc for practical applications. Among the aforementioned
dopants, in this work, nano-size SiC was considered, and which is one of the most effective
dopants for MgB2. It was found that alumina (Al2O3) is more stable in terms of reaction with
MgB2 and as a dopant, results in low field Jc enhancement due to improved grain connectivity.
To investigate the effect of simultaneous doping with nano-Al2O3 and SiC on the formation
and superconductivity properties of the MgB2 bulk and wires were fabricated. In this work, to
improve the in-field Jc performance, the effects of co-doping with nano-Al2O3 and SiC into
MgB2 bulks and wires on the microstructure, as well as the superconducting and electronic
properties were studied. It was found that the a-axis lattice parameter decreases faster than the
c-axis one with the increasing addition of SiC. This clearly indicates the substitution of carbon
on boron sites in the ab-plane. However, the c-axis only slightly modulated with the addition
of Al2O3. It was found that co-doping with SiC and Al2O3 also reduces the transition
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temperature (Tc) more than in the undoped and alumina only doped MgB2 sample. The codoped sample with the composition of 2 wt% Al2O3 + 1 wt% SiC showed the best in-field Jc
performance at both 10 and 25 K. The value of B(104) [the field at which Jc = 104 Acm-2] was
enhanced from 7.6 T to 9.8 T in the co-doped wire compared to the pure wire due to improved
grain connectivity, smaller grain size, and C-substitution, as evidenced by the ρ, full width half
maximum (FWHM), Tc, and a-axis lattice parameter, respectively.
After successful application of co-doping, another chemical doping method has been studied
using carbon low cost carbon encapsulated boron. Previously, many research groups
introduced carbon (C) into the MgB2 lattice structure in various methods, and among those
methods, the most popular techniques are solid state mixing and the chemical solution route.
In the case of solid state mixing, nano-size precursors, such as SiC and C, are used, but usually,
nano-size precursor powders tend to become agglomerated during the mixing process. In
addition, inhomogeneous mixing between precursors makes the MgB2 undergo complicated
reactions or leads to unexpected impurity phases. Alternatively, the chemical solution route
has been suggested, and the effects of carbohydrate, i.e., malic acid, introduced in this way on
the MgB2 superconducting material have been evaluated, demonstrating that this is one of the
most successful techniques reported so far. In this case, homogeneity of the carbon cannot be
achieved up to the desired level. This is because there is no definitive control during this
process due to the high volatility of the liquid hydrocarbon. Lately, a more efficient carbondoping method was introduced, with the product called pre-carbon-doped boron, resulting in
enhancement of the irreversibility field (Birr) and the upper critical field (Bc2) when it was used
in MgB2 superconductor. In that method, boron was amorphous, but with some
monocrystalline nature, synthesized by the radio frequency (RF) plasma method. In this
process, however, residual BCl3 adsorbed on the powder particles can react with the humidity
in air, which is detrimental to the performance of the superconductor. In order to overcome
3

these problems, a new in-house carbon-encapsulated boron powder was fabricated and studied
in collaboration with Pavezyum Kimya, Turkey. These MgB2 bulks prepared with this boron
show enhanced magnetic Jc, with the highest value of 104 Acm−2 at 9.47 T, 5 K. The reason
behind the improved high field Jc and pinning force is that the enhanced grain boundary
pinning, and homogeneous carbon distribution in the carbon-doped samples increase the Mg
and B reactivity, and at the same time, restrict the grain growth of the reacted MgB2. These
results indicate that carbon-encapsulated amorphous boron could be a promising alternative
for industrial production of practical MgB2 bulks or wires with excellent Jc, as large-scale
production can be commercially viable in terms of cost-effectiveness.
Cost of conductor is a determining factor in terms of potential application. To decrease the
conductor cost significantly starting materials cost should be minimized. To investigate the
performance of low cost starting materials in combination with cold high pressure densification
an innovative approach has been applied. The reason behind this investigation is that high
quality precursors cost is significantly high, which increases the conductor cost enormously.
The price of high purity (99%) amorphous B powder is about ten times more expensive than
low purity (96%) crystalline B powders. In this study, wires were fabricated by using low cost
carbon encapsulated crystalline boron and different sizes of Mg powder. A significant
enhancement of transport Jc was observed in the wires made with big size Mg and low cost
crystalline boron powders after CHPD. It was found from this investigation that large size size
Mg is an alternate solution to the internal Mg diffusion (IMD) method for the development of
high performance, cost-effective MgB2 wires for industrial application. In these wires,
localized diffusion of Mg occurs and the process acts like localized IMD (LIMD). The Jc of
CHPD treated wires made from crystalline boron and large-size Mg shows the best
performance among the other wires in this study. The possible reason for increased Jc may be
the flat, directional, and elongated voids that arise after heat treatment from large size ductile
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Mg during the cold working process. The performance of the densified wire made from cheap
crystalline boron and large-size Mg showed similar Jc-B properties to wires using expensive
nanosize materials. The critical current density of the wire in this work reached > 105 at 4.2 K
and 4 T, which is within the feasible range for application in low-field magnetic resonance
imaging (MRI) machines.
After finding an innovative solution for enhancement of in-field Jc by carbon doping and
applying pressure, further investigation was carried out to achieve next stage enhancement.
From the previous study it was proved that low cost wire can be produce by using large size
Mg and carbon encapsulated crystalline powder with CHPD. In this method high core density
was obtained in the final wire by apply CHPD before the heat treatment process. To get next
stage improvement of Jc, another high pressure process was applied. In this new investigation,
in-situ PIT wires were fabricated with in-house carbon encapsulated B powder and large size
Mg. After fabrication of wires, pressure was applied in two steps, before the reaction by CHPD
and during the reaction by HIP. The Jc was significantly increased in this process. At 4.2 K, the
Jc value was 10,000 Acm−2 at close to 14 T which is comparable to 2G IMD wire. The
advantages of this CHPD and HIP treated LIMD wire over IMD wire is that there is no hollow
structure inside the wire. A highly dense wire with enhanced mechanical durability can be
fabricated by this method, which is desirable for large scale application.
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CHAPTER 1: INTRODUCTION
1.1 Historical development of superconductor
Superconductivity is defined as the appearance of fascinating electromagnetic property, due to
which, certain materials lose their electrical resistance at extremely low temperature. Vanishing
of resistance is entranced by certain critical temperature (Tc) below which resistance to
electrical current disappear, associated with critical current density (Jc) and critical field (Hc).
Critical temperature act as a boundary between superconducting state and normal state, here
normal state indicates the returning of resistivity (see Figure1.1).

Figure 1.1 Temperature dependency in superconductor and non- superconductor1
In 1911, Heike Kamerlingh Onnes of Leiden University, a Dutch physicist, first observed
superconductivity in mercury. When he cooled the mercury at liquid Helium temperature, the
electrical resistivity of mercury was suddenly dropped to lower than measurable value (close
to zero)2. In 1913, for discovering this incredible phenomenon, he was awarded Nobel Prize in
Physics.
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After the discovery of superconductivity, the next great milestone in understanding the
behaviour of matter at extremely low temperatures was occurred in 1933. When two German
researchers, Walther Meissner and Robert Ochsenfeld discovered that a superconducting
material not only possesses zero resistance, but also repels a magnetic field in the
superconducting state. This phenomenon is popularly known as the Meissner effect3. In the
superconducting state, the Meissner effect is so strong that it can create enough force to levitate
magnet over a superconducting material.
The single most important experiment which was reported by two different laboratories
simultaneously in 1950, Reynolds et al.4 at Rutgers University, and Maxwell working at the
National Bureau of Standards5 was the experiment on the "isotope effect". This experiment
played a significant role in guiding the way to an explanation of superconductivity. They found
that the critical temperature for the superconducting transition was lower in the sample which
had the higher isotopic mass. In fact the critical temperature was inversely proportional to the
square root of the average isotopic mass of the materials.
In 1957, the first widely-accepted theoretical model of superconductivity was proposed by
American physicists John Bardeen, Leon Cooper, and John Schrieffer. Their Theories of
Superconductivity became known as the BCS theory, which was derived from the first letter
of each man's last name and won them a Nobel Prize in 1972. According to the theory, the
electrical transport in superconductors is due to the pairing of electrons (Cooper pairs) with
opposite moment and spins instead of single electrons. The coherent travelling of electron pairs
leads to resistance-less current flow through a superconducting material2. The mathematicallycomplex BCS theory explained superconductivity at temperatures close to absolute zero for
elements and simple alloys. However, the BCS theory becomes inadequate to fully explain
superconducting phenomena at higher temperature and different superconducting systems.
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Another significant theoretical advancement came in 1962 when a graduate student at
Cambridge University, Brian D. Josephson, predicted that electrical current would flow
between two superconducting materials - even when they are separated by a nonsuperconductor or insulator2. His prediction was later confirmed and won him a share of the
1973 Nobel Prize in Physics. This tunnelling phenomenon is widely known as the "Josephson
effect" and has been used to electronic devices such as the SQUID, an instrument capable of
detecting even the weakest magnetic fields.
Then, in 1986, a revolutionary discovery was made in the field of superconductivity. Alex
Müller and Georg Bednorz, two researchers at the IBM Research Laboratory in Rüschlikon,
Switzerland, synthesized a brittle ceramic compound that showed superconductivity at the
highest temperature then known, 30 K. This discovery was so remarkable, because ceramics
are normally insulators and don't carry current at all. So, researchers had not considered them
as probable high-temperature superconductor candidates. The Lanthanum (La), Barium (Ba),
Copper (Cu) and Oxygen (O) compound that Bednorz and Müller synthesized, behaved in a
not-as-yet-understood way6. For discovery of superconducting copper-oxides (cuprates), both
of them own Nobel Prize in 1987. In January of 1987, a research team at the University of
Alabama-Huntsville first substituted Yttrium (Y) for Lanthanum (La) in the Müller and
Bednorz molecule and achieved an incredible 92 K Tc in YBCO. Later, much higher Tc was
observed in ceramic superconductors in the mercuric-cuprates, with a transition temperature of
134 K, discovered by the team of Schilling et al.7 of Zurich, Switzerland.
In 2001, Nagamatsu et al. found a simple binary compound of magnesium (Mg) and boron (B),
magnesium diboride (MgB2), to be an astonishing new superconductor which shows Tc of 39
K. The critical temperature of MgB2 is the highest among the elemental or binary alloy
superconductors8. After the discovery of superconductivity in MgB2, many research groups are
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working for making it industrially feasible conductor, especially to replace NbTi and Nb3Sn
conductors in high magnetic field applications such as high field magnets9.
In 2008, oxypnictide or iron-based superconducting material (LaO1-xFxFeAs) was discovered,
with Tc of 26 K. After that discovery, extensive research was carried out to enhance Tc, and 52
K was found by replacing lanthanum (La) with other elements, such as, samarium (Sm) and
neodymium (Nd)10, 11. Later, Ishikawa et al. reported high pressure technique to synthesize
BaFe2As2, which resulted in higher Tc around 35 K12. In 2014, Mankowsky et al. reported room
temperature superconductivity in YBCO for picoseconds by using mid-infrared laser pulses
through deformation of material's crystal structure13. Figure 1.2 shows the history of
superconductor development with time.

Figure 1.2 The history of superconductor development with time
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1.2 Fundamentals of superconductivity
Superconducting state is determined by the three important parameters: (i) critical temperature
(Tc), (ii) Critical current density (Jc) and (iii) critical field (Hc). The interrelations among these
parameters are shown in Figure 1.3.

Figure 1.3 Critical phase diagram1
According to Meissner effect, if a superconductor is placed in a magnetic field, it will not allow
existence of magnetic flus density in interior of superconducting materials. Furthermore, a
shielding current will be created to repeal the applied magnetic field1-3. As a consequence of
the behaviour against the magnetic field, a superconductor can be distinguished from a
conductor as it expels all magnetic fields when subjected to superconducting transition. In
1958, based on the responses of the superconductor to the applied magnetic field, Abrikosov
divided superconductor materials into two types, type-I and type-II. Generally, type-I
superconductivity is

well known in pure element superconductors and type-II

superconductivity is found in the alloys1, 2.
When a type-I superconductors is subjected to higher magnetic field than the critical value,
superconducting properties is abruptly destroyed (see Figure 1.4(a)). On the contrary, in typeII superconductor, raising the applied magnetic field above the critical value leads to a mixed
10

state, yet it remains superconductor at that state also as long as the current is low(see Figure
1.4(b)). Further increase in the applied filed till the second critical field (Hc2) it shows
superconductivity1, 2.

Figure 1.4 Schematic representation of (a) type-I and (b) type-II superconductors
If a type-I superconductor is placed in a weak external magnet field, the field penetrates into
the material for only a short distance, which is termed as the London penetration depth (𝜆L ). It
decays to zero, according to following rule (see Equation 1.1)1, 2.

𝐵(𝑥) = 𝐵(0)𝑒

−𝑥
)
𝜆𝐿

(

…….……… (1.1)

Where, x is the distance from the surface and B(0) is representing the flux density of the applied
fields at the surface. Due to difference between the experimentally determined penetration
depth (λ), and the London penetration depth, (𝜆L ), Equation (1.2) was applied to correct by
introducing the coherence length (ξ) and mean free path (l)14. The coherence length (ξ) is
defined as the distance between the surface and where the sample reaches the density of
superconducting electrons which is of the order of 10-4cm for a pure superconductor2. Here, ξ
is dependent on the purity of the material and treated as analogous to mean free path.
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Where, ξ0 is the coherence length stands for a perfectly pure superconductor.
Coherence length is reduced when the impurity content is increased2, 15. Thus the coherence
length of an impure material is given by κ = λ / ξ, where κ is the Ginzburg-Laudau (GL)
parameter. Presence of impurities in superconductors results in higher normal state resistivity,
because to electron scattering, which leads to shortening of coherence length and higher κ
value16.

Figure 1.5 Density of states versus energy for metal in (a) normal state and in (b)
superconducting state.15
The BSC theory states that, there is an energy gap in superconducting materials between the
ground state and the quasi-particle state, along with the width equal to 1.76 KbTc, where Kb
denotes Boltzmann’s constant (see Figure 1.5). Conversely, at absolute zero temperature, for
normal materials, energy states are covered up to the Fermi energy level 𝐸F . The success of the
BSC theory is due to introduction of the cooper pairs2, which are the charge carriers in
superconducting state, poses lowest energy level as a result of electrons interaction near the
Fermi energy level. When temperature is raised above the absolute zero temperature, cooper
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pairs split up into two quasi particles due to thermal agitation, which causes decrement in the
energy gap, furthermore it will be zero at Tc2, 15.
Abrikosov’s investigation suggested the exact value of the GL parameter (κ), based on which
superconductors can be categorized. When κ < 1/√2, the superconductor falls into type I, and
if κ > 1/√2, the superconductor falls into type II15.
In type-II superconductors, the magnetic field penetration is same as the type-I superconductor
up to first critical field (Hc1); beyond this critical field, type-II superconductors goes to a new
mixed state (or Shubnikov state), where penetration of the magnetic field into the
superconductor occurs in the form of the thin filament, which is called the magnetic vortices
and these magnetic vortices carries one magnetic flux quantum (Φ0= 2.067 × 10-15 Tm2)1.
Further increment of field above Hc1 introduces more vortices. As long as those magnetic
vortices remain fixed and not influenced by the current, do not hamper the current flow. The
flux lines are formed by normal core and which is enclosed by supper current vortex. This
super-current vortex decays over a distance of λ(T) for bulk samples. The diameter of the
vortices is of the order of the superconductor coherence length, ξ, i.e. typically nanometres
(coherence length of MgB2 ≈ ξab(0) = 3.7–12.8 nm, ξc(0) = 1.6–5.0 nm)17.
Increasing current perpendicular to the applied field leads to vortex movement as a result of
strong Lorentz force (FL) acting on the vortices. As the vortex movement leads to resistive
nature of the materials, it is very important to keep this force low for making sure that the
material is in superconducting state. Different atomic defects can effectively pin the magnetic
vortices, such as: impurities, grain boundaries, staking fault, dislocations and inclusions. If the
size of the vortices matches with the defects, it acts very effectively. Therefore, the
performance of the superconductor largely depends on the type, extent and the density of the
defects as those are precondition for effective pinning centres2.
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The upper limit of the applied field for practical application is largely depends on another
important parameter, the de-pinning field, Hirr ,where the vortex pinning is very weak due to
enhanced Lorentz force and which results very low current density. Goodness of pinning
properties can be predicted from the difference between the Hc2 and Hirr, as the lower difference
attributed to spinning properties of that material2, 18.
1.3 Applications of superconductors
Superconducting materials are used in a wide range of commercial and industrial applications,
such as, in energy production, in sensor materials, storage, and distribution, and in high field
magnets. Nowadays, the low-temperature superconductors (LTS) materials, particularly Nb3Sn
(Tc of 18 K) and NbTi (Tc of 9 K) are used in nuclear magnetic resonance (NMR), magnetic
resonance imaging (MRI), and magnets for plasma fusion devices9. Due to the superior
properties of Nb-47wt.% Ti alloy, such as, economical fabrication process in a ductile form
and nano-structure have made it compatible for high critical current applications. Ease of
manufacturing in kilometres lengths of Nb3Sn based strands and high critical current densities,
made it as a prominent superconductor for commercial applications9.
Contrarily, the high-temperature superconductors (HTS), mainly bismuth strontium calcium
copper oxide (BSCCO) (Bi-2223, Tc of 110 K, and Bi-2212, Tc of 85 K) and YBa2Cu3O7-x
(YBCO, Tc of 92 K) are being used in electric power applications9, 19. Another promising
invention was electric generator using the superconducting conductor. The size of those
generators was reduced to the half of the conventional generators and efficiency also improved
significantly.
Significant advancement of superconductor made it possible to produce superconductor based
transformers and fault current limiters (FCL) with enormously improved performance. The
Swiss-Swedish company ABB was the pioneer in introducing superconducting transformer to
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a utility power network, in March 1997. Recently, ABB announced the development of a 6.4
MVA fault current limiter, which is the most powerful in the world20. In the electronics
industry, superconductors are used in ultra-high-performance filters, in which zero resistance
of the superconducting conductor plays primary role. There are disparate uses of
superconductors in the military. The U.S. Navy uses HTSC superconducting quantum
interference devices (SQUIDS) to detect mines and submarines. Using the magnetic levitation
(MAGLEV) of superconductors, transport vehicles such as trains can be made to "float" on
strong superconducting magnets20. This eliminates friction between the train and the track. The
first commercial use of MAGLEV technology was introduced in Japan, 1990. Recently, in
April 2015, the MLX01 test vehicle reached an incredible speed of 374 mph20.
1.3.1 Potential of MgB2 for superconducting applications
One of the major commercial markets for superconducting wires is magnetic resonance
imaging (MRI) magnets. In MRI magnets, higher image quality and very strong, homogeneous,
and stable field strength are crucial factors21. MgB2 superconductor has vast potential in this
industry22. The impact of MgB2 in this industry largely depends on competitiveness of
conductor price at a certain temperature and magnetic field. At 20 K, MgB2 conductor is very
promising superconductor due to low fabrication cost, larger coherence length, relatively high
critical temperature, rich multiple-band structure etc. Development of cryocooler is another
important prerequisite for application of MgB2. But, the cryogenic refrigeration system
required for operating at temperatures near 20 K is comparatively less complex and more
energy saving than those operate at liquid helium temperature. Solid nitrogen is being
considered as a cryogen due to its high heat capacity for MgB2 based MRI magnets23-25. Soaring
helium price is a serious threat to the LTS (i.e. NbTi and Nb3Ti). Hence, MgB2 conductor is a
potential candidate for future MRI system. Disparate efforts are being carried out by different
companies, such as Columbus Superconductors in Italy, Hyper Tech Research (HTR) in the
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US, and Hitachi Ltd in Japan. Columbus Superconductors and ASG Superconductors, first
demonstrated the “Open-Sky” MRI system. The central magnetic field reached 1.0 T at an
operating temperature of 16 K in this MRI system. Along with other interesting properties, the
sharp superconducting transition makes MgB2 conductor ideal for resistive-type fault current
limiters (FCL). The FCL device are generally used in electrical power transmission and
distribution systems, which provides an important advantage by coping with the persistent
increase in fault current levels during the upgradation of existing power systems. Recently,
Hascicek et al. designed and tested a 12.5 kVA MgB2-based superconducting transformer26. In
2013, Kajikawa et al. reported a fully superconducting motor using MgB2 conductor27. HTR
developed a racetrack coils for the cryogenic rotor in a liquid hydrogen-cooled superconducting
generator using MgB2 conductor for NASA28. Tajima et al. reported thin film MgB2 for
application in RF structures for particle accelerators29. Different theoretical studies were
reported on practical application using MgB2 conductor30-33.
Along with high Tc, MgB2 superconductor poses the simple crystal structure, transparency of
grain boundaries to supercurrent, large coherence length, low product cost, and high critical
field. All these important features make it suitable for both large-scale applications and
electronic devices. In addition, the costs of the precursor materials for both Mg and B are
comparatively less than Nb-based superconductors’ precursors, make it attractive for industrial
use.
But the major limitation for MgB2 is the fast drop of its critical current density (Jc) in high
magnetic field due to weak pinning. During the last decade, extensive research have been done
to confront this problem. From the state of art research on different processing techniques such
as chemical doping, thermo-mechanical processing, and irradiation, it is now established that
chemical doping is the easiest and quickest way of improving superconducting properties16, 34-
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. Among the different dopant, carbon is the best dopant so far reported, particularly in

improving the high field Jc and upper critical field (Hc2)16, 18, 34-36, 39, 40. The development of
MgB2 superconductor in the form of single crystals, bulks, wires, tapes and thin films, is so
rapid that commercialization is possible in near future.
1.4 Aim and outline of the thesis
The main goal of this thesis is to improve the MgB2 performance intrinsically by homogeneous
doping to improve Bc2 and extrinsically by reducing porosity along with increasing connectivity
between the grains.
In Chapter 1, a brief reviews on the history of superconductors, fundamentals characteristics
of superconductivity, applications of different superconductors, and the prospects of MgB2 for
superconducting applications are discussed. Chapter 2 reports a comprehensive literature
review on MgB2 superconductor, including the crystal and electronic structure, effect of carbon
doping on the superconducting performance, and the effects of pressure on MgB2. Chapter 3
contains the experimental procedures and equipment were used in this thesis. In Chapter 4,
the carbon (C) substitution effects in co-doped MgB2 bulk and wire samples of
Mg0.98Al0.02(B1−xCx)2 on the lattice parameters, critical temperature, resistivity, and magnetic
and transport critical current density as a function of SiC doping level in the range from 0.5 wt%
to 5 wt% with fixed 2 wt% alumina (Al2O3) are discussed. The co-doping composition of MgB2
+ 2 wt% Al2O3 + 1 wt% SiC resulted in both low and high field Jc enhancement compared to
the pristine MgB2 sample due to C-substitution, small grain size, and improved grain
connectivity.
To date, various approaches have been adopted previously by many research groups to improve
MgB2 performance intrinsically by introducing carbon into MgB2 lattice structure, and among
those methods, the most popular techniques are solid state mixing40 and the chemical solution
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route41. In the case of solid state mixing, nano-size precursors, such as SiC and C, are used, but
usually nano-size precursor powders tend to be agglomerated during the mixing process. In
addition, inhomogeneous mixing between precursors makes MgB2 undergo complicated
reaction or leads to unexpected impurity phases. Alternatively, the chemical solution route has
been suggested, and the effect of carbohydrate, i.e., malic acid, introduced in this way on the
MgB2 superconducting material have been evaluated, demonstrating that this is one of the most
successful techniques reported so far39, 41, 42. In this case, homogeneity of the carbon cannot be
achieved up to the desired level. This is because there is no definitive control during this
process due to the high volatility of the liquid hydrocarbon. Recently, Susner et al. investigated
and reported a more efficient carbon-doping method43, with the product called pre-carbon
doped boron, resulting in enhancement of the irreversibility field (Birr) and the upper critical
field (Bc2) when it was used in MgB2 superconductor. In their method, they used boron that
was amorphous, but with some monocrystalline nature, synthesised by the radio frequency
(RF) plasma method44, 45. In this process, however, residual BCl₃ adsorbed on the powder
particles can react with the humidity in air46, which is detrimental to the performance of the
superconductor. To overcome existing problems a cost effective carbon doping method have
been reported in Chapter 5.
In chapter 6, an economical fabrication concept through localized internal magnesium diffusion
(LIMD) method has been discussed. Instead of using a single magnesium (Mg) rod in the centre
of a metal sheath tube, large-sized Mg particles (20-50 mesh) mixed well with cheap 97%
crystalline boron powder were used in this process. After a repeated drawing process, the
coarse Mg is elongated along the core wire axis of the metal sheath tube. Textured MgB2 grains
were then formed during the sintering process. In the LIMD process, however, there was still
a need to improve the overall density. In order to increase the density of the composite, a
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modified cold high pressure densification (CHPD) technique has been applied before the
reaction.
In Chapter 7, further improvement was done by using cheap amorphous boron discussed that
one in Chapter 5. To improve the in-field performance of MgB2 conductor, combined intrinsic
and extrinsic approaches have been adopted. Hot isostatic pressing was applied during the heat
treatment process to improve connectivity. Chapter 8 contains the conclusions and suggestions
for further improvements of the MgB2.
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CHAPTER 2: LITERATURE REVIEW
2.1 Crystal structure
The MgB2 unit cell occurs in the simple hexagonal AlB2-type structure, a very common
structure among borides, with the space group P6/mmm. The crystal structure of MgB2 consists
of two honeycomb boron layers like graphite type sheets with a base diameter of nearly 3.5 Å1.
This creates large spherical pores for magnesium. In the MgB2 compound, magnesium atoms
are located at the center of hexagons created by boron planes. The crystal structure of MgB2
is depicted in Figure 2.12. All the intense peaks can be indexed assuming an hexagonal unit
cell, with a = 3.086 Å (distance between in-plane Mg-Mg) and c = 3.524 Å (distance between
Mg layers)2. Due to the hexagonal structure and relatively longer distance between the boron
planes than in-plane B-B distance of MgB2, it shows a strong anisotropy in the B-B lengths3-5.
The room temperature X-ray diffraction (XRD) pattern of MgB2 is depicted in Figure 2.22.

Figure 2.1 Crystal structure of MgB22
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Figure 2.2 X-ray diffraction (XRD) pattern of MgB2 at room temperature2
2.2 Electronic structure
At the Fermi surface of MgB2, the electrons are predominantly p electrons of boron along with
magnesium donating s electrons to the conducting bands1, 6, 7. Four conducting bands are in
there, consisting of two σ bands derived from the σ–bonding px,y orbitals of boron and two π
bands, which are derived from the hole-like π-binding and electron-like antibonding pz orbitals.
The two-dimensional σ states are confined in the boron planes and the three-dimensional π
states are extending in all the direction1, 3. The in-plane bonds of boron layers are strongly
covalent; contrarily the bonds in between these layers are metallic8. The Fermi surface of MgB2
is depicted in Figure 2.3.In here, Г, L, A and M are sites in Brillouin zone for positioning of σ
and π bands in Fermi surface. The two coaxial cylinders along Г- A line are σ-bands in MgB2
structure, while the π- bands form two the two webbed tunnels, near H and L, one hole like near
K and M1. The superconductivity in MgB2 is the result of asymmetric charge distribution in the
σ-bonding with the presence of in-plane boron atoms, which provides sufficiently strong
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coupling between the in-plane vibration of boron atom and the σ-bonding state5, 9. At the Fermi
level the density of states are0.30 states eV-1/cell for the two σ-bands, whereas 0.410 states eV1

/cell for the two π- bands8, 10.

Figure 2.3 The Fermi surface of MgB2. Green and blue cylinders (hole like) come from the
bonding px,y bands, the blue tubular network (hole like) from the bonding pz bands, and the
red (electron like) tubular network from the antibonding pz band1.
2.3 Two-gap superconductivity
In MgB2 superconductor, the electronic states at the Fermi level, which are known as the
highest occupied electronic states, are primarily either σ- or π-bonding boron orbitals. The
electronic states at Fermi level and vibrational mode of boron atoms are depicted in Figure
2.43. With respect to the in-plane positions of boron atoms in the MgB2, the distribution of
charge of the σ-bonding states are not symmetrical3. The couplings of σ-bonding states to inplane vibration of boron atoms are very strong, which results a unique partially occupied sigmabonding states in a layer structure3. But the electron-phonon coupling is weaker for the π bands.
Moreover, inter-band coupling is even weaker, though it is not negligible11.
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Figure 2.4 Crystal structure of MgB2, electronic states at the Fermi level, and a vibrational
mode of boron atoms. a) Crystal structure of MgB2. Boron atoms form honeycomb planes, and
magnesium atoms occupy the centers of the hexagons in-between boron planes, (b, c) sigmabonding states at the Fermi level derived from boron px,y orbitals, d) A π-bonding state at the
Fermi level derived from boron pz orbitals. e) A vibrational mode of boron atoms that couples
strongly to sigma-bonding electronic states at the Fermi level. As boron atoms move in the
arrow directions, shortened bonds, marked with 'A', become attractive to electrons, whereas
elongated bonds, marked with 'R', become repulsive. The sigma-bonding states (b, c) couple
strongly to the vibrational mode because they are mainly located in either the attractive or the
repulsive bonding of the mode. The π-bonding states (d) do not couple strongly to this mode3.
The superconducting energy gap and critical temperature have been calculated based on the
information of electron-phonon coupling and Columb pseudo-potential matrix elements 10, 12.
In Figure 2.5, experimental results of the two gaps in MgB2 are depicted from the scanning
tunneling spectroscopy as a function of temperature13.
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Figure 2.5 The superconducting gap values are extracted from the theoretical curves and are
plotted as a function of the temperature together with the BCS ∆ (T)13.

Figure 2.6 The superconducting energy gap on the Fermi surface at 4 K given using a color
scale (a), and the distribution of gap values at 4 K (b). The Fermi surface of MgB2 consists of
four distinctive sheets. Two sigma sheets ('cylinders'), derived from the sigma-bonding px,y
orbitals of boron, are shown split into eight pieces around the four vertical Gamma–Gamma
lines. Two π sheets ('webbed tunnels'), derived from the π-bonding pz orbitals of boron, are
shown around K–M and H–L lines. c) Local distribution of the superconducting energy gap on
a boron plane and on planes at 0.05, 0.10 and 0.18 nm above a boron plane, respectively3.
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A details study of superconducting energy gaps of MgB2 at low temperature on Fermi surface
has been done by Choi et al.3, using Eliashberg formalism. In Figure 2.6, the superconducting
energy gap on the Fermi surface for MgB2 from the band structure calculation is depicted3. At
the Fermi surface, each π-band and σ-band has characteristic energy gaps for MgB2. It ranges
from ranges from 6.4 to 7.2 meV on the σ bands with an average of 6.8 meV, and on the other
hand π-bands, it varies from 1.2 to 3.7 meV with an average of 1.8 meV3.
2.4 Experimental evidences of two gaps and two bands
Disparate experimental investigation using tunneling spectroscopy14,
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, specific heat

measurement10, 16, 17, point contact tunneling15 etc. established the existence of the two-gap
superconductivity in MgB2. The first experimental evidence of two-band superconductivity
came out from the study of specific heat measurement16-18.

Figure 2.7 Specific heat measurement of MgB2.The measured and calculated electronic
contribution to the specific heat divided by temperature is plotted as a function of temperature.
Here, (Cs - Cn) is the specific heat difference between the superconducting and normal states.
The red solid curve represents the calculated result and the dashed curve is the standard onegap BCS prediction corresponding to a transition temperature of 39.4 K3.
The specific heat is plotted as a function of temperature is depicted in Figure 2.7. Choi et al3
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proved that the empirical data of specific heat cannot be clarified by the one-gap BCS model
with a Tc of 39.4K. The experimental result found is higher than the BCS curve at low
temperature and the low temperature shoulder is an indication of a smaller second gap, which
is resulted by the excitations along the π gap3.

Figure 2.8 a) Numerical simulation of the Blonder–Tinkham–Klapwijk (BTK) model at
different values of the barrier strength Z at 4.2 K. b) Experimentally detected evolution of the
Cu-MgB2 point-contact spectra at 4.2 K (solid lines). The dotted lines display fitting results for
the thermally smeared BTK model for different barrier transparencies and weight factors19.
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Figure 2.9 Temperature dependence of tunneling conductance spectra in the range between
4.3K and 35K. All experimental curves (black dots) are fitted by a sum of two weighted BCSshape DOS (solid lines). The spectra are shifted by unity for clarity. The curves at 31 K and
35K are reported magnified by a factor of 1023.
Different direct measurements of superconducting gap by point contact spectroscopy19-22 and
tunneling spectroscopy13, 23, 24 also proved the two gap superconductivity in MgB2. Szabo et
al19 investigated the Cu–MgB2 point-contact spectra on different samples of polycrystalline
MgB2 at 4.2K. Figure 2.8(a) shows the numerical simulation of the Blonder-TinkhamKlapwijk (BTK) model at different values of the barrier strength Z at 4.2 K and Figure 2.8(b)
shows the experimentally observed evolution of the Cu-MgB2 point-contact spectra at 4.2 K
(solid lines)19. From the g scanning tunneling spectroscopy, Giubileo et al. showed the
temperature dependence of tunneling conductance spectra in the range between 4.3K and 35
K23., which is depicted in Figure 2.9.
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Chen et al.25 measured the Raman spectra at two polarization configurations, VV and HV,
where VV (HV) denotes the scattering geometry with the polarization direction of the incident
light in vertical (horizontal), and the polarization direction of the scattered light is always
vertical for scattered light. Figure 2.10 depicts the Raman spectra from a poly crystalline MgB2
sample25. Here, the two peaks is a result of superconducting transition, known as pair breaking
peaks at about 50 cm-1 and 105 cm-1. The frequency, at which pair-breaking peak appears, is a
direct measure of the binding energy of the Cooper pairs. The binding energy is twice the gap
value (2Δπ and 2Δσ) 25. The gap measured from the experiment are Δσ = 7.1 meV and Δπ = 2.3
meV. Two pair-breaking peaks in the Raman spectra is also another evidence of two
superconducting gaps in MgB2.

Figure 2.10 Low-temperature electronic Raman continua obtained by subtracting the 45K
spectra from the 15K spectra. The thick solid lines are theoretical fits. The HV spectra have
been shifted downward by 20 units. The inset is a calculated spectrum without convoluting
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with a Gaussian function25.
Disparate studies on photoemission spectroscopy also suggested the existence of two gaps26-28
and two band29 in MgB2. High-resolution photoemission spectra of MgB2 measured at two
different states by Tsuda et al is depicted in Figure 2.1126. The inset of Figure 2.11 shows the
enlarged spectrum near EF taken at 5.4 K. It is the weighted sum of two Dynes functions with
the gap sizes of 1.7 meV (broken line) and 5.6 meV (dotted line). These results provide clear
spectroscopic evidence for presence of multiple gap in MgB226. In 2003, the two gap of MgB2
superconductor have been measured by using angle resolved photoemission spectroscopy
(ARPES)27, 28.

Figure 2.11 High-resolution photoemission spectra of MgB2 measured at 5.4 K (open circles
connected with a solid line) and 45 K (open squares connected with a solid line). The inset
shows the enlarged spectrum near EF taken at 5.4 K, which can be fitted by assuming two gaps
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at 1.7 meV (broken line) and 5.6 meV (dotted line), respectively26.
2.5 Critical temperature (Tc)
From the application perspective, critical temperature (Tc) is the most important parameter for
superconducting material, which confines the application regime. The Tc of MgB2 (39 K or 234 ºC) is the highest among the inter-metallic superconductors2. As the crystal structure has a
significant impact on Tc, hence variation in lattice parameters affects Tc30, 31. Fabrication
process which leads to changes in lattice volume, such as neutron irradiation32, 33 or iso-static
pressure 34-36 , are responsible for reduction of T c . Furthermore, variation in stoichiometric
ratio of starting materials, such as Mg deficiency could enhance the lattice strain, which leads
to Tc decrement37. Another important factor is low crystallinity of MgB2 which causes higher
disorder in the lattice, decrease Tc38.
2.6 Critical current (Ic) / critical current density (Jc)
Critical current (Ic) or critical current density (Jc) is the main characteristic parameter which
determines the applicability of superconductor in practical applications. Due to high intra-grain
and inter-grain Jc in MgB2, it shows high transport Jc at low temperatures. The transport Jc
reported in the wire/ tape geometry at 4.2 K is the order of 106 A cm−2 in self-field and it is
around 104 A cm−2 at 8T filed39. In MgB2 single crystal, the Jc is low due to weak pinning and
rapid drop of Jc occurs with the magnetic field. The Jc in self-field is nearly 105 Acm-2 at low
temperatures40, 41. On the other hand, thin films demonstrate much higher Jc than single crystals.
This is because of their strong grain boundary pinning40. The highest value of Jc observed in
thin films is around 3-4 × 107 Acm-2 in self-field42-44.In Figure 2.12 depicts the Jc of neutron
irradiated single crystals (see Figure 2.12 (a)) and thin films (see Figure 2.12 (b))40. The Jc of
wires fabricated by the CTFF method shows the value around 6 × 105 Acm−2 at 4.2 K in selffield. The degradation of Jc with the applied magnetic field is more gradual than the single
crystal and it shows Jc value around 105 Acm-2 with applied magnetic field 4.5 - 5 T, which is
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below about an order of magnitude than the best thin film data4. From the comparison between
the wires and tapes it can be seen that tapes shows superior performance than the wires due to
their shielding property. The performance of MgB2 is affected by disparate factors including
quality of starting materials, size of Mg, presence of impurities, heat treatment condition,
porosity, grain boundaries, and particle size distribution. Quality of starting materials (B and
Mg) plays an important role on the performance of the conductor, as it is directly related to the
grain size and connectivity of the final product, which determine the superconducting
performance largely.

Figure 2.12 a) Critical current densities in neutron-irradiated single crystals. The introduced
disorder is characterized by the transition temperature of the crystal, which decreases with
increasing neutron fluence45. b) Critical current densities in thin films at 4.2 or 5 K (open
squares) and at 20 K (solid circles). The left and the right panel of (b) refer to zero applied
fields and 1 T (H‖c), respectively40.
Zeng et al. reported that excess Mg in MgB2 can significantly enhance the Jc by providing
better grain connectivity compared to the stoichiometric MgB239, 46, 47. Fujii et al. studied the
effect of Mg on transport Jc and showed that MgH2 as the Mg source provides fresh and highly
reactive Mg which facilitate the formation of high purity MgB248. Yamada et al. reported the
transport Jc of MgB2 tape by doping 10% SiC and using nano sized Mg powder, resulting a
value of five times higher than the tapes prepared with the commercial Mg powder49.
In the high temperature superconductors (HTS), the grain boundaries primarily act as weak
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links which reduce the connectivity between the grains and the result is lower Jc. In case of in
MgB2 the grain boundaries are transparent to current flow which facilitates to improve the Jc
by grain boundary pinning50. Producing very fine Mg and B powder mixture by ball milling
results a significant enhancement of MgB2 performance51, 52. Ball milling techniques is also
proved to be a successful method for enhancing the Jc of ex-situ MgB2 by minimizing the grain
size and subsequently increase the grain boundaries, which leads to higher Jc in MgB253.
Presence of porous structure in MgB2 conductor is one of the limiting factors for reducing the
transport Jc54. In in-situ process it is hard to fabricate dense MgB2 structure due to the low
packing density of the powder. Volume contraction of MgB2 after heat treatment and
evaporation of Mg are another problem responsible for porosity. In ex-situ process, porosity is
originated from the low packing density of the powder. Though, it is minimized by final high
temperature heat treatment55-57. Several studies have been carried out to find out the effect of
boron source on resistivity, critical current density and phase transformation58-60. Crystalline
and amorphous, which are two different structure of boron powder, leads to two different Jc
values. Compared to the samples made from amorphous precursors, an order of magnitude
lower Jc is obtained from the samples made from the crystalline boron powders. Zhang et al.
showed significant enhancement of Jc by using ball-milling of crystalline boron powder61. The
enhancement of Jc came from higher reactivity of finer powder and results in better strong flux
pinning and connectivity. Systematic studies on crystalline boron powder by using ball milling
have been done62, 63. Disparate studies on the ball milling medium showed that toluene is the
most promising wet medium among the carbon content organic solvents64-66. Yamamoto et al.
reported the systematic study on the relationship between the irreversibility field and the
crystallinity, and their influence on the Jc by full width half maximum (FWHM) value obtained
from the X-ray diffraction67. The FWHM value of the (002) peak reflects the out-of-plane
disorder; whereas the FWHM value of (110) peak represents the in-plane disorder67.
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Larger value of FWHM is attributed to the lower crystallinity due to low heat treatment
condition or disorder in crystal lattice. Intra-granular precipitates and different types of lattice
defects are responsible for crystal lattice disorder and leads to degradation of crystallinity67.
Since the grain size and lattice strain control the grain boundary pinning, hence lattice distortion
and small crystal size improve the grain boundary pinning force.
2.7 Upper critical field (Hc2)
Type-II superconductors have two characteristic critical fields, defined as the lower critical
field (Hc1) and the upper critical field (Hc2). This intrinsic property is defined by the B, T phase
boundary between the normal and superconducting states of a type II superconductor. The
behavior of MgB2 is mostly interesting, because adding nonmagnetic impurities enhance the
upper critical field (Hc2)68-70. Which is above the estimated Hc2 (0) = 0.69TcHʹc2 (Tc) of one-gap
theory71. From the one-gap theory it is evident that, Hc2 can be increased by adding impurities
in superconductor, which is attributed to increase of normal state resistivity ρn. For better
understanding of two band MgB2 superconductor, Gurevich et al. suggested to a weaklycoupled bilayer model (see Figure 2.13) and at low temperature, Hc2 of MgB2 can be
significantly enhanced by making the π band much dirtier than the main σ band72. As depicted
in Figure 2.13, the global Hc2 of the bilayer is controlled by the layer which has the higher
Hc273. With a dirtier π layer, it will have greater Hc2 at low temperature, even if its Tc is much
lower. At low temperature, this results an upturn in the global Hc272. In carbon-doped thin films
(see Figure 2.14), the value of Hc2 has reached more than 60 T at low temperature, chasing the
BCS paramagnetic limit of 65 T73,
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. Gurevich et al. argued that the strong coupling

paramagnetic limit can be as much as 130 T in MgB272. This indicates the potentials scope of
improving further of Hc2 by engineering the two band scattering.
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Figure 2.13 The mechanism of the upward curvature of Hc2 (T) illustrated by the bilayer toy
model shown in the inset. The dashed curves show Hc2 (T) calculated for σ and π films in the
one-gap dirty limit. The solid curve shows Hc2 (T) calculated from two-gap dirty limit BCS
theory72.

Figure 2.14 Hc2 versus temperature plots for a carbon-alloyed HPCVD film, Nb–Ti (bulk) and
Nb3Sn (bulk). The triangle and square data are for the ab planes of MgB2 parallel and normal
to the field, respectively7.
2.8 Resistivity
The resistivity of MgB2, as reported in single crystal, thin film, polycrystalline bulk, and wire
samples, fluctuates in orders of magnitude. According to their resistivity value at 300 K, it can
be divided into four categories: (1) low resistivity - less than 20 µΩcm, (2) intermediate
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resistivity—near 100 µΩcm, (3) high resistivity—500 µΩcm to 10 mΩ cm and (4) extreme
resistivity—above 100 mΩcm75. Eltsev et al. reported the resistivity of single crystal, 1.0
mΩcm at 50 K, and 5.3 mΩcm at 300 K76, 77. Canfield et al. reported the resistivity of
polycrystalline bulk 9.6 and 0.4 mΩcm at 300 and 50 K, respectively78. Pogrebnyakova et al.
reported thin film resistivity, which are similarly low. The values are around 8.7 and 0.26
mΩcm4 at 300 and 50 K, respectively79. In some polycrystalline bulk sample Rogado et al.
found the resistivity near 610 and 480 mΩcm at 300 and 50 K, respectively80. Wide ranges of
resistivity for MgB2, reported by different researchers have been accumulated by Rowel et al.
in his review article, covering all the sample types from bulk to thin films75.
Resistivity is influenced by the inter-grain and intra-grain effects. Factor affecting connectivity
between the grains (inter-grain effect) are the presence of MgO and BOx in the grain boundaries,
porosity, presence of free Mg. Excess Mg is responsible for low resistivity in Mg rich sample.
Similarly, impurities present within the grains as isolated small precipitates can increase intragrain resistivity. Other impurities within the MgB2 grains as inclusion, or which substituted in
the MgB2 lattice, increase the intra-grain resistivity75. One such potential impurity is carbon.
The contributing phenomena of the normal state resistivity in metal are temperature
independent residual resistivity,𝜌0 and the phonon-mediated contribution, 𝜌ph
resistivity originates from the electron scattering at defects and 𝜌ph

.

Residual

is a function of

temperature40.
ρ(T) = 𝜌0 + 𝜌ph (T)
In single-band conductors 𝜌0 increases with disorder and 𝜌ph remains constant. For two-band
conductors, the resulting resistivity is governed by the following relation.
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At low temperatures, the resistivity is affected by electron scattering at both σ- and π-bands.
Contrarily, at room temperature electron scattering at the π- band controls the resistivity value.
Introduction of defects into the MgB2 crystal structure reduce the mean free path of the charge
carriers in both bands75. The normal state resistivity is related to scattering time τ, the mean free
path l = 𝜈F τ, the scattering rate Γ = 1/τ and the diffusivity D.
𝜌=

Γ
𝜈F
1
=
=
є0 𝜔p2 є0 𝜔p2 𝑙
𝑒 2 𝑁0 𝐷

Here, the vacuum permeability є0 = 8.854×10−12 AsV−1m−1, Fermi velocity 𝜈F , plasma
frequency 𝜔p and the density of states (DOS) at the Fermi level 𝑁0 . Sidorenko et al. proposed
a model to calculate the resistivity near the superconducting transition point based on the
assumption that resistance is caused by the creep of vortices. Therefore, resistivity dependences
are thermally activated81. The relationship is:
𝜌(𝑇, 𝐵) = 𝜌0 exp [

−𝑈0
]
𝑘𝐵 𝑇

Where, 𝑈0 is the flux-flow activation energy, mechanism in MgB2, which can be extracted from
the slope of the linear part of the Arrhenius plot81, 𝑘𝐵 is the Boltzmann’s constant, and 𝜌0 is a
field independent pre-exponential factor.
2.9 Flux pinning and doping mechanisms
MgB2 samples (films, bulks, and wires) except the single crystal sample are polycrystalline and
moderately grain-boundary pinned. Hence, effects of dopant inclusion contribute to enhance
the bulk pinning strength, (1) by increasing the Hc2 and Hirr; (2) by forming wide distribution of
point pinning centers; (3) by producing localized lattice strains4. All these factors contribute to
flux pinning. Structural defects such as dislocations, inclusions, impurities, and grain
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boundaries effectively pin vortices at atomic sites. When, the size of the structural defect
roughly matches with the size of the vortices, it becomes very effective pinning centers. Each
vortex is assumed to be act individually, and the global pinning force is just the direct
summation of the individual forces82. Disparate studies found that grain boundaries are the most
dominant pinning centers in MgB2 superconductor64, 83, 84. In an applied field H, the behavior
and magnitude of Jc is delineated by a bulk pinning function, 𝐹P . This function represents the
summation of the elementary pinning forces, 𝑓P
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. The bulk pinning force density can be

expressed as:
𝑚
𝐹P = 𝐻c2
f (h)

where h = 𝐻 ⁄𝐻c2

The field dependence bulk pinning force generally rises to a maximum value at h = ℎ𝑚𝑎𝑥 and
expressed in normalized form 𝐹p (ℎ)⁄𝐹p (ℎ𝑚𝑎𝑥 ). This is independent of temperature for specific
type of pinning center and it is known as scaling property4. According to the pinning
mechanism model of Dew-Hughes82, 𝑓(ℎ) ∝ ℎ𝑝 (1 − ℎ)𝑞 and various types of pinning can be
classified based on the value of dimensionless parameter p,q. hence,
ℎ0 (1 − ℎ)2 → Normal volume pinning d < a, b, c
ℎ1/2 (1 − ℎ)2 → Normal surface (grain boundary) pinning d < a, b
ℎ1 (1 − ℎ)2 → Normal point pinning d > a, b, c
Here a, b, c, denote the dimensions of the pin and d is for fluxoid spacing. Normal point and
surface pinning can also be characterized in terms of ℎ𝑚𝑎𝑥 values, which are generally 0.33 and
0.2, respectively4. Qin et al. proposed another pinning mechanism based on the vortices and
pinning centers86. Based on this pinning mechanism, 𝛿𝑇𝑐 pinning (pinning via the spatial
fluctuations in the transition temperature) is evident in MgB2, whereas 𝛿𝑙 (pinning via the
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spatial fluctuations of the charge-carrier mean free path) pinning is not observed86.
A definitive argument excluding effects on the pinning mechanism is given by the normalized
pinning force 𝐹p (ℎ)⁄𝐹p (ℎ𝑚𝑎𝑥 ) obtained by magnetization. The normal pinning functions
together with pinning force data was reported by Collins et al.4 for a SiC-doped MgB2 sample
(see Figure 2.15), in which the normalizing field, Hirr, was based on a 100 Acm−2 criterion. A
pronounced departure from scaling was observed in the results. The generally expected
characteristic of grain-boundary pinning was seen for temperatures range between 10 K and 20
K, while in the 20–30 K range it was revealed that point pinning was starting to dominate4. The
lack of fit for both curves at higher reduced fields was attributed to a distribution of Hirr value
resulting from sample inhomogeneity.

Figure 2.15 Normalized bulk pinning force curves for a sample of an MgB2 strand doped with
5% SiC (particle size 30 nm)4
Motaman et al. found in the malic acid doped wire that the crossover field 𝐵𝑠𝑏 is almost the
same even at different reaction temperatures87. Conversely, the crossover field 𝐵𝑡ℎ , reflecting
the thermal regime, is dependent on the sintering temperature (see Figure 2.16).
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Figure 2. 16 (a) and (b) Magnetic field dependence in the temperature range of 10–30 K of the
reduced pinning force f(h) for the malic acid treated MgB2 wire sintered at 700 and 900 ° C. In
(c) and (d) Bsb and Bth crossover field temperature dependence for the malic acid treated
samples sintered at 700 and 900 ° C, with the black and red fitted lines standing for the δTc and
δℓ pinning mechanisms, respectively87.
Griessen et al proposed that, of 𝛿𝑇𝑐 and 𝛿𝑙 pinning results in different temperature dependences
of the critical current density Jsv in the single-vortex pinning regime 88. The relation between
the Jsv and normalized temperature:
For 𝛿𝑇𝑐 pinning:

𝐽sv ∝ (1 − 𝑡 2 )7/6⁄(1 + 𝑡 2 )5/6

For 𝛿𝑙 pinning:

𝐽sv ∝ (1 − 𝑡 2 )5/2⁄(1 + 𝑡 2 )−1/2

Blatter et al. showed that, Jc is field independent if the applied field is less than the crossover
field 𝐵𝑠𝑏 at which the dominant pinning mechanism changes from single-vortex to small bundle
pinning89. In the area below𝐵𝑠𝑏 , vortex lattice is controlled by single-vortex pinning
mechanism. Qin et al.86 expressed the temperature dependency of the cross over field,
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v

𝐵𝑠𝑏 (𝑇) = 𝐵𝑠𝑏 (0)[(1 − 𝑡 2 )⁄(1 + 𝑡 2 )] . For 𝛿𝑇𝑐 and 𝛿𝑙 pinning, v = 2/3 and 2, respectively.
2.10 Effects of doping on the superconductivity of MgB2
To improve the Jc of MgB2 many techniques have been introduced so far throughout the last
decade such as chemical doping, thermo-mechanical processing, ball milling, and proton
irradiation. Among those techniques chemical doping is found as the most effective and easy
way of improving the superconducting performance of MgB2. Depending on the way of
introducing dopant materials in the MgB2 structure, it can be divided into two categories: (1)
substitution method and, (2) addition method. In case of substitution method, dopant is
substitute into the B or the Mg crystal sites, which results in impurity scattering of charge
carriers and responsible for changes in the crystallinity, electronic state, and lattice distortions.
Contrarily, addition effects act between the grains, producing a significant effect on the grain
connectivity and grain growth. It has an important role in grain boundary flux pinning90.
Although, chemical doping enhances superconducting properties of MgB2, it has adverse effect
on Tc. Many dopants have been tried on MgB2 throughout the last decade, such as, metallic
elements (Ti, Co, Ni, Cu, Zr, Mo, Fe, Ag, Al, Si, La), metal oxides ( TiO2, SiO2, Pr6O11,
Al2O3,Dy2O3, HoO2), carbon and carbon inorganics (nano-C, CNT, nano diamond, Na2CO3,
TiC, SiC, B4C), borides(CaB6, ZrB2,TiB2, NbB2), silicides (WSi2, ZrSi2), nitrides(Si3N4), and
organic compounds (malic acid, paraffin, carbohydrate, maleic anhydride, toluene, acetone,
ethanol, and tartaric acid)4. In this thesis, effect carbon doing is studied as it is the most effective
dopant. It enhances the high field Jc significantly.
2.11 Effect of carbon (C) doping on the superconductivity of MgB2
The metal oxides and metallic elements were introduced into the MgB2 structure to create the
normal flux pinning centers, however, nitrides, borides, and carbon containing dopants are
more effective due to increase of 𝐻c2 by introducing pinning centers as well as substituting
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boron in MgB290. Successful doping can be resulted by following improvements: (a) increment
of 𝐻c2 and 𝐻irr due to more impurity scattering, (b) wider distribution of point pinning centers,
(c) by generating localized lattice strains4. So far, extensive research on carbon doping shows
improvement of superconducting properties in MgB2.
In the early stages, main focus was on the effects of doping on superconductivity, primarily on
solubility and two-band studies30, 91, 92. Later to overcome the diffusion problem B4C was used
as a starting material58, 93. Due to differences in the starting materials, variation in the reported
results on carbon solubility and the doping effect can be seen and amount of carbon substitution
into MgB2 by solid–vapor reaction route is in disagreement with the nominal composition94.
Avdeev et al. also reported the changes in lattice parameters with the increasing carbon
concentration and proposed an empirical model to estimate the carbon content. In his model,
he estimated the level of carbon substitution, x in Mg(B1−𝑥 C𝑥 )2 , as x = 7.5Δ (c/a), where Δ
(c/a) denotes the change in c/a compared to a pure sample95. In single crystal MgB2, Kazakov
et al. studied the structural, magnetization behavior of carbon substituted sample, and transport
properties96. In the investigation of whole substitution range, Tc decreases linearly with
increasing carbon content (see Figure 2.17) and it ranges from 10 K to 39 K.
Due to huge impact of carbon on MgB2, wide ranges of carbon source have been investigated
by different groups. The common carbon source so far reported for MgB2 are SiC98-100, carbon
nano tubes (CNTs)101-103, boron carbide (B4C)104-106, hydrocarbons107-111, graphite112, nano
diamond113, carbohydrates114, 115, and graphene116-120.
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Figure 2.17 Variation of Tc as a function of carbon concentration. Inset shows magnetization
curves of Mg (B1-xCx) crystals with different carbon content96.
Soltanian et al. first investigated the effect of carbon on Jc and Hirr in MgB2 and they found
both Tc and a-axis lattice parameter decrease monotonically with increasing carbon content (see
Figure 2.18)97.

Figure 2.18 The (1 0 0) and (0 0 2) (inset) Bragg reflections for the Mg (B1-xCx)2 composition
with x = 0, 0.05, 0.1, 0.2, 0.3, and 0.4. The results showed that carbon substitution only has an
effect on the a-axis lattice parameter 97.
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Disparate studies on SiC doped MgB2 have been done to optimize the performance for practical
application and extensive work was done to investigate the effect of sintering conditions,
different fabrication techniques, precursor size and optimum doping levels99, 121-126. At 4.2 K,
significant enhancement was reported by Susner et al. using the SiC and 15% excess Mg,
yielded 105 Acm-2 at 6 T and 104 Acm-2 at 11.5 T127 in wires. In bulk sample with 10 wt% SiC
doping Dou et al. reported Jc of 105 Acm-2 at 3 T and 𝐻irr value of 8 T at 20 K128. UOW group
showed that carbon substitution for B resulted in a large number of dispersed nanosize
impurities and intra-granular dislocations, which are primarily responsible for the substantial
enhancement in flux pinning128,129. Later, significantly high value of 𝐻c2 (exceeding 40 T) was
reported by Matsumoto et al. in 10% SiC-doped MgB2 bulk, sintered at 600 ºC130. Different
leading research groups all around the world confirmed the potential of SiC as the most
effective dopant for improving the transport current of MgB2 conductor, such as the Los
Alamos National Laboratory (US), Ohio State University (US), the National Institute for
Materials Science, NIMS (Japan), Hyper Tech Research Center (US), the University of Tokyo
(Japan), Karlsruhe Institute of Technology, KIT (Germany) the University of Wollongong,
UoW (Australia) and the University of Geneva (Switzerland). In Figure 2.19, a comparison of
transport Jc of SiC-doped MgB2 wires with the best un-doped MgB2 wire from various groups
at 4.2/5 K has been depicted.
Due to the improved reactivity of nano carbon, less heat treatment temperature is required in
nano carbon doped MgB2 for considerable substitution of carbon in boron sites. Ma et al.136,
reported significant enhancement of superconducting properties for nano-carbon doped MgB2
tapes at 750 ˚C. The transport Jc for the 5 at. % doped tapes attained 1.85×104Acm-2 at 10T and
2.8×103cm-2 at 14T, respectively. Moreover, the Tc for the doped tapes degraded slightly136.
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Figure 2.19 Comparison of transport Jc of SiC-doped MgB2 wires with the best un-doped
MgB2 wire from various groups (Geneva104, NIMS131, Karlsruhe132, OSU133, UoW128, Los
Alamos134 and Ma et al.135) at 4.2/5 K90.
Among the different carbon containing dopants CNTs improve the mechanical and thermal
properties of MgB2. The best performances in Jc was reported by Yeoh et al. in the single wall
carbon nano-tubes (SWCNT) doped samples sintered at 900˚C

90

. There are some problems

associated with the CNTs due to entangle and agglomeration, which results inhomogeneity in
the mixture and block the current transport and leads to suppressing the Jc103. Later, ultrasonication was introduced to improve the homogeneity of CNTs doped MgB2 matrix, which
resulted further enhancement102.
Most of the nano-dopants reported so far were introduced through the solid state reaction.
Therefore, homogeneous distribution of carbon cannot be attained, which have important
consequences on superconducting properties. To confront this problem hydrocarbon and
carbohydrate doping were used as highly reactive and fresh carbon source, which have
advantages over solid state reaction method, resulting in comparable Jc values with those from
the nano-SiC doping137, 138. Moreover, the low field Jc of the conductor does not decrease up to

47

a certain doping level in this method. From the microstructural analysis it is evident that the
lower decomposition temperatures of hydrocarbons and carbohydrates produce highly fresh and
reactive carbon and ensure more homogeneous mixing in the liquid state108. Finally, at low
sintering temperature smaller grain size of MgB2 with carbon doping leads to high Jc. In Figure
2.20, a Comparison of Jc–B characteristic at 4.2 K of malic acid treated wire with those of other
commercial MgB2 wires fabricated by Hyper Tech Research Inc. are depicted. The problem
associated with the chemical solution route is that carbon concentration cannot be maintained
properly in this complicated process.
For enhancing the high field performance using carbon doping has been established by different
research groups. For homogenous carbon doping, the most interesting technique so far reported
is using B4C as a starting material. For bulk sample Ueda et al. and Yamamoto et al. reported
that carbon can substitute in boron sites at 850 °C105, 140, 141. Lezza et al. investigated the effect
of B4C in MgB2 wires and reported the Jc value of 10 wt% B4C doped MgB2/Fe wires is 104
Acm−2 at 4.2 K and 9 T104.

Figure 2. 20 Comparison of Jc vs. B characteristics at 4.2 K of malic acid treated wire with
those of other commercial MgB2 wires fabricated by Hyper Tech Research Inc. The malic acid
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treated MgB2 wire was sintered at 600 °C for 4 h. The Jc was about 25,300 Acm−2 at 4.2 K and
10 T139.
2.12 Pressure Effects on Jc of MgB2 Wires
To date, the low density within the filament cores has been a serious obstacle in reaching high
Jc values for MgB2 wires fabricated by the in situ processed technique. In addition, the reaction
of magnesium and boron to form MgB2 involves a volume contraction that produces a final
density limited to about 50 % of theoretical density (2.36 g/cm3). The high porosity is well
known to be difficult to avoid. As a result the grain connectivity is hampered by the presence
of voids in the finished wires. The typical effective superconductor area in the wire is only
about 10%142. Collings et al.4 reported relative mass densities of 70 to ∼80% for MgB2
filaments in ex situ wires, while Pan et al.143 found ∼45% for wires produced by the in situ
technique. Several attempts have been undertaken to enhance the mass density of in situ
filaments by applying high pressure during the reaction heat treatment. Serquis et al.144
performed the reaction under hot isostatic pressure (HIP) conditions at 0.2 GPa in both in-situ
and ex-situ wires and reported at 4.2 K an enhancement of B(104) up to 1 T where B(104) is the
field at which critical current density (Jc) reaches a value of 1 x 104 A/cm2. Prikhna et al.
reported very dense bulk samples of Ti alloyed MgB2 after reaction at T > 1000 °C in a multianvil device under 2 GPa argon (Ar) pressures145. In the bulk samples, the mass density was
enhanced to values close to 100 %, yielding B (104) = 11 T at 4.2K. Yamada et al. reported hot
pressing on SiC alloyed in situ tapes at 630°C under 100 MPa146. In the hot pressed tapes, the
enhancement of Jc was significantly higher, the extrapolated value of B (104)// being close to
14T. The large difference in Jc between the hot pressed bulk samples [5] and the hot pressed
tapes is at least partly due to the fact that the deformation of tapes by rolling leads to a certain
degree of texturing146. Texturing is an inherent feature of MgB2 wires and tapes produced by
multistep deformation. Kim et al. reported the large anisotropy ratio in hot pressed binary and
malic doped MgB2 tapes147. Very high Jc values of MgB2 wires were obtained by the infiltration
49

method, originally proposed by Giunchi et al.148, recently Hur et al.149 and Togano et al.150
improved the method. They are thought to be essentially correlated to a high mass density of
the superconducting hollow filaments characterizing this technique. Cold densification was
also applied as an alternative to the application of pressures at high temperature, but was so far
not used for in situ wires. Matsushita et al analyzed the changes of Jc and resistivity ρ40 K on in
situ MgB2 pellets151. In ex situ MgB2, Pachla et al.152 reported the effect of cold isostatic
pressure up to 1.5 GPa. Combination of Hydrostatic extrusion and two axial rolling for core
densification was reported by several groups126, 153, 154. But, still it is not suitable for commercial
application due to insufficient filament uniformity and improper design of billet composition.
In 2009, cold high pressure densification has been suggested as an alternative to enhance mass
density after cold high pressure deformation (CHPD)110,

155

. The Jc has been reported by

Hossain et al., around ~40,000 Acm-2 at 4.2 K and 10 T for a malic acid doped square conductor
by CHPD110. The first successful CHPD of a dense MgB2 conductor in a short-length (< 1 m)
was reported by the University of Geneva in 2008. The density increased from 50% for normal
wire to 73% for the CHPD wire after heat treatment. The Jc was increased by more than 300%,
particularly at 20 K temperature155. This CHPD has been successfully applied on in-situ, exsitu mono and multi filament wires with significant enhancement of Jc. Subsequent pressing
steps with overlapping pressure zones have been performed by Flukiger et al. up to a wire
length of 1 meter without degradation with respect to short wire lengths156. This result is
promising in view of the magnet application of the CHPD process to wires of several hundred
meters length.
2.13 Advantages of CHPD over other pressure techniques
As large quantities of MgB2 wire are necessary for industrial applications, any high
temperature/high pressure processing steps are not desirable, not only from an economical
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point of view but also because they would limit the subsequent deformability of the wire. It is
clear that the high pressure steps should be applied at low temperature, preferably at room
temperature, thus allowing winding and cabling before the reaction heat treatment.
This may be illustrated by a brief comparison. The high gas pressure (up to ∼1 GPa) in Cold
Isostatic Pressing devices152 has the disadvantage to be limited to small sample volumes, the
size of the device being restricted by safety requirements. In Hot Pressing devices145, where
the pressure is transmitted by solid anvils, the total sample volume is limited to several cm3,
i.e. too small for industrial wire lengths. Finally, Hot Isostatic Pressing or HIP machines would
be large enough for reacting kilometers of MgB2 wire at argon pressures up to 0.2 GPa.
However, the wire cannot longer be wound after HIP processing. The HIP treatment of
complete coils is not an alternative, due to the shrinkage of the filaments during reaction, which
would lead to instabilities.
A room temperature processing technique was developed at GAP in Geneva in 2008, namely
the Cold High Pressure Densification (CHPD)110, 155. This method is based on a prototype cell,
designed for the application of high pressures at room temperature, with solid anvils acting
simultaneously on all four sides of a square wire. This densification step is followed by a
pressure release allowing a recovery of the wire without damage. The operation of the initial
device (particularly the pressure release) is very time consuming, but it was very useful for
deciding whether it was appropriate to develop an automatic device156 for continuous CHPD
processing of long wires. Hossain et al. found that the densification step has the effect of
enhancing the mass density of the unreacted (Mg + B) filament, letting the degree of texturing
unchanged110. This is in contrast to the effect of pressing of a tape between two walls, the tape
flows in the direction parallel to the pressing walls, with the consequence that the degree of
texturing is enhanced, the mass density changing only slightly.
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After CHPD on short samples the mass density of binary MgB2 monofilaments was enhanced
from 0.44% to 0.54% of the theoretical mass density after applying 2.5 GPa155. At the same
time, a remarkable decrease of electrical resistance was observed on densified wires, reflecting
an improved connectivity. It should be noted that the pressures applied on the 4-wall cell
reached a maximum value of 6.5 GPa. At this pressure, the mass density of the unreacted (Mg
+ B) powder mixture reached 96 %, while the corresponding value in the reacted MgB2
filament increased up to ~73% of the theoretical value. However, a reproducible enhancement
of Jc was only observed up to pressures of the order of ~3 GPa. Later in this Chapter, the overall
progress of MgB2 wires by cold high pressure densification is compared with other reported
densification techniques by various groups.
2.14 Effect of CHPD on MgB2 conductor
2.14.1 CHPD applied on in-situ monofilament wires
The effect of CHPD on the superconducting properties of monofilamentary MgB2 wires doped
with 10 wt % C4H6O5 (malic acid) is depicted in Figure 2.21110. It was found that the
enhancement of Jc in malic doped wires is considerably larger than for the densified binary
MgB2 wires (see Figure 2.21). By optimizing the CHPD process in the pressure range above
2 GPa further enhancement is expected. At 1.48 GPa pressure, the value of B(104)// was
enhanced from 11.3 to 13.2 T. The 𝐽𝑐 values of the present wires at 8 T and 4.2 K are now
approaching those of industrial NbTi wires (1.2 × 105 Acm−2). The Li et al. recently reported
the best Jc value for the pre-carbon doped second generation MgB2 wire is 105 Acm-2 at 10 T
by Advanced Internal Mg Infiltration (AIMI) process157. The result is exceeding those
commercial Nb-Ti wires and satisfactory to all technical applications. However, there is a
serious limitation in mechanical properties and for scaling-up the AIMI method. In this process
the Mg infiltration into the B layer forms a hollow wire with only a thin layer of MgB2 in the
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interior of the sheath tube, which may cause reduced superconducting volume and poor
mechanical properties for the magnet coil development.

Figure 2.21 Jc vs. B at 4.2 K for C4H6O5 doped MgB2 tapes (Monel sheath, Nb barrier) after
cold densification at various pressures. The values of the original round wire are also shown
(600°C/4h) (in the inset, cross section of mono filament wire after CHPD)110.
2.14.2 CHPD applied on in-situ multifilament wires
After successful application of CHPD to monofilamentary wire, it was applied to
multifilamentary MgB2 wires and to longer wire lengths by the same group158. A substantial
enhancement of the transport Jc was observed in the binary 18-filament wires by sequential
densification with overlapping pressure regions (see Figure 2.22). The field B(104)// where the
transport Jc at 4.2 K reaches the value of 1x104 Acm-2for parallel field direction was obtained
8.5 T (0.1 µV/cm criterion). The enhancement of Jc by a factor 2.3 at 4.2K at applied fields up
to 10 T observed in densified samples is directly correlated to the increasing mass density due
to the filament volume contraction158. Recently Ye et al. reported transport Jc for SiC-added
37-filament IMD-processed MgB2 wires, which achieved a value of 7.6 × 104 Acm−2at 4.2 K
and 10 T, which is higher than any kind of multi-filament wires with a smaller number of
filaments159. The current carrying performance of those IMD wires is sufficient for the large
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scale applications, but the problem is associated with the mechanical performance and
durability due to the presence of hole inside the wire.

Figure 2.22 Jc vs. B at 4.2 K for binary 18-filament MgB2 wires, at p = 0 and after CHPD at
1.5 GPa. The B(104) values are 8.48 and 8.18 T for parallel and perpendicular field orientation
with respect to the wider surface (0.1 µVcm-1 criteria) and inset shows the cross section of multi
filament wire before and after CHPD 158.

Figure 2.23 Critical current density, Jc vs. B, of single monofilament wire and cables with and
without additional mechanical deformations at 4.2 K. Inset shows the cross section of cable
before and after CHPD160.
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2.14.3 CHPD applied on in-situ cables
After the successful application of CHPD on mono- and multi-filament wires, it was applied
on MgB2 cables to improve the critical currents160. Hossain et al. studied the cable performance,
which was produced by in-situ MgB2 wire and found the superior current carrying capability
after CHPD. In Figure 2.23, a comparison is depicted among the various mechanically
deformed cable and mono filament wire160. The highest critical current density (104 Acm-2 at
10 T) is found in the cable deformed by CHPD due to higher filament mass density compared
to the cables deformed by swaging, groove rolling and two-axial rolling.
2.14.4 CHPD applied on ex-situ wires
Kulich et al. investigated the effect of CHPD on ex-situ wires161 and reported that ex-situ wires
up to 2 GPa show only a negligible enhancement of the MgB2 mass density and transport Jc,
while a considerable enhancement of Jc was reported for in-situ wires with the same applied
pressure. In both cases, CHPD enhance the grain connectivity, however in ex-situ wires, the
enhancement of Jc is related to the partial disruption of the oxide layer around each MgB2
powder particle. On the other hand, the enhancement of Jc in-situ wires is related to void
reduction and increased connectivity due to larger contact area between grains. In ex-situ wire,
the performance degradation after prolong exposition to air before heat treatment is major
problem. After several months, the Jc value can be less than half of the original value and also
effects negatively on Tc162. This problem can be eliminated by using CHPD. After CHPD
electrical resistivity of the ex-situ wire gets reduced (see Figure 2.24), which establish the
improvement of grain connectivity due to the breakage of the oxide layers161.
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Figure 2.24 a) Temperature dependence of resistivity for various ex-situ MgB2 wires. The inset
shows details of the transition. Here, AE-std and AE-5yrs denote standard ex-situ wire and 5
years old standard ex-situ wire, respectively. b) Temperature dependence of resistivity for the
ex-situ MgB2 core Col-doped sample (commercial ex-situ, doped with 5 wt% of carbon). The
inset shows details of the transition161.

Figure 2.25 Enhancement of Jc by CHPD for (a) the standard commercial ex situ wire and
(b) 5 years old standard ex situ wire161.
The transport Jc of standard commercial ex-situ wire is enhanced after CHPD (see Figure 2.25).
Kulich et al. reported that after cold pressing, the Jc of the same wire exceeds the original
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values, even after exposing the unreacted wire for more than one year to air161.
2.14.5 Effect of CHPD on density:
The improvement of transport Jc in CHPD treated wires is due the enhancement of filament
mass density155. Flukiger et al. showed that the relative mass density inside the unreacted (Mg
+ B) filaments was improved to 96% with 6.5 GPa applied pressure before the final heat
treatment, corresponding to an enhancement of the relative mass density of the reacted MgB2
filaments from 43 up to 73% (see Figure 2.26(a) ). The enhancement rate of Jc as a function
of mass density is the same, regardless whether the initial shape of the wires was round or
rectangular (see Figure 2.26(b))155. The effect of density is also evident in multifilament and
cable conductor which has been shown in Figure 2.22 and Figure 2.23, respectively.

Figure 2.26 a) Mass densities of filaments in Fe/MgB2 wires. Left scale: relative density dm
of the unreacted (Mg + B) mixture. Right scale: relative mass density df of reacted MgB2
filaments. b) Variation of Jc of a binary Fe/MgB2 wire at 4.2 K and 7 T, as a function of the
cold densification pressure. Initially round wires show a maximum of Jc at 1.8 GPa, while
initially rectangular wires still show an enhancement up to 4 GPa. The upper scale represents
the relative mass density df of MgB2 filaments155.
2.14.6 Effect of CHPD on Microstructures
The inset of the Figure 2.21, 2.22, 2.23, cross section of a mono-, multifilament wires and
cables have been shown, respectively before and after applying the CHPD simultaneously on
the four surfaces. The transition zone between the unpressed region and the pressed region has
57

been depicted in Figure 2.27(a), heat treated at 650 ◦C for 1 h. The microstructure of
conventionally treated MgB2 filaments shows always a certain amount of voids, as a
consequence of the volume shrinking during the reaction process. The voids are clearly visible
in Figure 2.27(b) on a polished surface. A considerable amount of voids were reduced after
densification, as illustrated by Figure 2.27(b) after densification at a pressure of 1.9 GPa.

Figure 2.27 a) Filament of a binary Fe/MgB2 wire at the border of a region pressed at 1.9 GPa.
b) High resolution scanning electron microscopy (SEM) investigations revealed the reduced
porosity110, 158.
In doped wires, CHPD makes the carbon substitution more effective, leading to a reduction of
Tc and hence reduction of anisotropy due to poor texturing. The observed improvement of Jc
after applying CHPD in malic doped wires was due to the reduction of voids (SEM) and
additional defects in the lattice110.
2.14.7 Effect of CHPD on the exponential n-factor
Power law relationship is used for modeling and calculating the nonlinear transition of a
superconductor. From the application point of view, such as MRI and medium filed NMR, the
behavior of the exponential n factor plays a critical role163. Flukiger et al.163, 164 and Hossain et
al.158 reported the enhancement of n-value for both mono filament and binary 18-filamnet wire.
Figure 2.28 shows the field dependency of the exponential n factor for both mono filament
and multifilament wire. From the reported results of n-value, it is now evident that at 4.2 K and
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low fields it can be very high for MgB2 wires163.

Figure 2.28 Variation of the exponential n-factor as a function of applied field, at 4.2, 20 and
25 K for a) mono filament alloyed164 and b) binary multifilament wires163.
But, with the applied field it decreases drastically, which can be limiting factor for applications
at higher fields. CHPD treated wires exhibits higher n-value in both mono (see Figure 2.28(a))
and multi filamentary wires (see Figure 2.28(b)). 50 % improvement of n-value has been
reported after densification at 1.5 GPa. From application perspective n-value should not be less
than 30 and after densification, the average increase estimated around 1 T at 20 K and 2 T at
4.2 K164 in malic acid doped mono filamentary wire. Although n-value is an empirical factor
which depends on a variety of effects which are not all well-defined, it reflects in a certain way
the homogeneity of a filament. Therefore, the enhancement of n-value can be interpreted as an
improved homogeneity of the densified filament. Recently Hossain et al. also showed the
similar effect in case of binary in-situ cable160.
2.14.8 Effect of CHPD on anisotropy
Kovac et al. reported that anisotropy is affected by the mechanical strength of the metallic
sheath and the metal matrix interface roughness, which affects the texture of Mg165. In the insitu fabrication method texture is introduced by deformation of the crystal structure of the
Mg165. Flukiger et al. reported the effect of CHPD on anisotropy factor of the malic doped wire
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at 4.2K. In Figure 2.29, the anisotropy factor is plotted against the applied field and from the
figure it is evident that anisotropy decreases with applied magnetic field163. Häßler et al. also
found a decrease of anisotropy with increasing carbon content in the tapes166. Hence, CHPD
method has an influence facilitates the reaction process and leads to enhanced carbon values163.

‖

Figure 2.29 Variation of the anisotropy ratio 𝜞 = 𝑱𝐜 /𝑱⟘
𝐜 vs. B/Birr for C4H6O5 added tape with
additive at 4.2 K after CHPD at p = 2 GPa. The lines are a guide for the eye. Inset: shape of the
tape with and without pressure163.
2.14.9 Effect of CHPD on AC loss, intra-wire resistance and strain dependence of critical
current
Zhou et al. reported the effect of CHPD on the intra-wire resistance, AC loss, and strain
dependence of the critical current for the first time167. Increased critical current and AC loss,
and a reduced intrawire resistance, are found after CHPD. From the investigation, it was
evident that the densified MgB2 wires is less strain sensitive and has a higher irreversible strain
limit due to the superior connectivity and percolation of MgB2 filaments167.
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Figure 2.30 The normalized Ic as a function of axial strain at 4.2 K167.
In Figure 2.30, normalized transport Ic is plotted against the axial strain and from the figure it
can be seen that irreversible strain is around 0.28%, 0.31%, and 0.33% in the cases without
CHPD, CHPD at 1.48 GPa, and 1.60 GPa, respectively167. Better performance can be seen with
the densified wires in the high tensile strain region (above 0.3%), than those without
densification.
2.14.10 Effect of CHPD on Tc distribution (specific heat measurement)
Senatore et al. reported the effect of CHPD on the Tc distribution at zero magnetic field168.
From the calorimetric investigation is clear that CHPD does not influence the width of the
distribution (see Figure 2.31), but onset Tc is reduced of about 1 K (see Figure 2.31(b)). the
reason behind this can be the substitution of more carbon into the boron sites during the CHPD
process, which is supported by the reduction of a-axis lattice parameter163,168. The conventional
way of improving the carbon substitution is increasing the heat treatment temperature or longer
heat treatment time. In both cases, higher carbon content is accompanied by larger grain sizes,
which reduce the grain boundary density. Senatore et al. showed that higher carbon content
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can be achieved at low temperature using CHPD through reduced reaction path in malic doped
wire at 600°C/4h.

Figure 2.31 a) Distribution of Tc obtained by the deconvolution of the calorimetric data for the
non-densified binary MgB2 sample (solid symbols) and for the binary MgB2 sample after
densification at p = 2 GPa (open symbols). It is seen that the Tc distribution is not influenced
by CHPD in the case of binary MgB2 b) Distribution of Tc for the malic doped samples, nondensified (solid symbols) and densified at p = 2 GPa (open symbols). CHPD determines a
higher substitution rate of carbon, resulting in a reduced onset Tc and a broader Tc
distribution168.
2.15 Recent progresses of MgB2 superconductor and how to improve further?
The progress achieved in the field of MgB2 conductors in the last 10 years is very impressive,
as well from the theoretical as from the experimental point of view. In 2008, a new kind of
treatment was introduced at GAP in Geneva, the Cold High Pressure Densification or CHPD
technique110,
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. The relative mass density inside MgB2 filaments of in-situ mono and

multifilament wires was enhanced from 48% to > 60 % for pressures well above 1 GPa, thus
leading to strongly enhanced values of Jc. The Jc at 4.2 K and 8 T has been reported to be
increased to ~100,000 A·cm-2 for a malic acid doped square conductor by CHPD. The best Jc
so far reported for the AIMI second generation MgB2 wire was 100,000 A·cm-2 at 9.5 T157,
well exceeding those commercial Nb-Ti wires and satisfactory to all technical applications.
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However, there is a serious limitation for scaling-up the IMD method in terms of filling factor,
mechanical strength and reliability. In this thesis, an innovative method has been proposed for
the production of high performance and economic MgB2 wires by the second stage
densification technique to get the similar performance but avoiding the possible issues faced
by the second generation wires. Multifilament and multi-strand conductors with kA class
current capacity and higher n-factors are the key requirements for many large-scale
applications. Nevertheless, it is expected that the two potential wire processing methods [IMD,
in-situ CHPD] still have a potential for improvement. The further improvement of MgB2
conductors involves the following main factors, i) the availability of amorphous, high purity
boron powder with sizes in the 100 nm range, ii) the optimization of mass density in MgB2
filaments, by improved densification methods, iii) the enhancement of the filling factor, which
is at present higher for in-situ wires than for IMD processed wires, iv) mechanical and electrical
stability and reliability and v) further studies on cold and hot deformation are needed in order
to obtain wires with smaller filament diameters for reducing the losses in AC applications.
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CHAPTER 3: EXPERIMENTAL METHODS
3.1 Sample preparation
3.1.1 Fabrication of MgB2 bulk samples
Fabrication of polycrystalline bulk samples are very important step for studying the properties
of the superconducting materials. There are two major processes called in-situ and ex-situ
process generally used in fabrication of MgB2. In this thesis, MgB2 bulk was fabricated by
using in-situ method from the starting materials: Mg powder (99%, 325 mesh), amorphous
boron powder (98.8%) with or without carbon encapsulation and dopant (i.e. SiC, Al2O3). The
homogenously mixed powers were pressed into 13.0 mm diameter pellets of 1.0 mm in
thickness by applying uniaxial pressure in 10 ton hydraulic press, and then the pellets were
encapsulated into an iron tube. The samples were sintered at 700 °C for 30minutes in quartz
tube furnace at the heating rate of 5oC min-1 under high purity argon (Ar 99.9%) gas
atmosphere.
3.1.2 Fabrication of MgB2 wire
For making MgB2 wires and tape, different methods have been used by disparate group of
researchers. Most popular in-situ techniques so far reported are powder in tube (PIT) method,
continuous tube forming and filling (CTFF) method developed by Hyper Tech Research Inc.
and internal magnesium diffusion (IMD) method, etc. All these methods have some advantages
and disadvantages over each other. The most common is PIT method, in which solid structure
can be obtained, but the Jc is comparatively lower than the other fabrication process (i.e. IMD
and CTFF) due to less connectivity. In the CTFF method multiple sheath materials are used
and suitable long length solid structure can be obtained in this fast fabrication process. Similar
to PIT method, it has also connectivity problems. On the other hand, IMD process ensures
better connectivity and higher Jc. The problem associated with this process is the presence of
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hollow structure inside the wire, which makes it brittle. To confront this problem, in this work
PIT method was used to fabricate the wire along with further densification process, such as
CHPD, cold isostatic pressing (CIP) and hot isostatic pressing (HIP).
3.1.2.1 Powder in tube (PIT)
For investigation of MgB2 wire performance, wires were fabricated by in-situ powder in tube
(PIT) method. In the PIT method, the stoichiometric mixture of boron powder (with or without
carbon encapsulation) and Mg powder (325 mesh or 30-80 mesh) were homogenously mixed
in the mortar by pestle for 30~40 min. Then the powder mixture were filled into the tube (Monel
or Cu) and packed gently. After that, two ends of the tube were sealed with aluminum foil. A
complementary swaging and drawing process were employed to reduce the diameter of the
metal tube to a desired diameter in a 10% step size. Generally, the final diameter after the
drawing process is 0.83mm or 1.00 mm. Wire sample also heat treated in a similar way of bulk
samples.
3.1.2.2 Cold isostatic pressing (CIP)
To increase the connectivity between the MgB2 grains different types of pressure was
employed. Different research groups studied the effect of pressure before the heat treatment
and during the heat treatment. CHPD is applied to the wires before the heat treatment process.
Cold isostatic pressing (CIP) is another interesting method of applying pressure during the (Mg
+ 2B) billet preparation. In this process, pressure is applied from the multiple direction
isostatically for getting highly densified billet. To apply CIP, mixture of (Mg + 2B) is filled
into a rubber tube, which is immersed in an oil bath. The liquid pressure of oil is transmitted to
the rubber tube uniformly, and finally, pressed billet of powder was formed. In this work, CIP
was applied to the powder mixture in the Institute of High Pressure Physics (IHPP), Poland. A
schematic representation of CIP process is depicted in Figure 3.1.
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Figure 3.1 A schematic representation of Cold Isostatic Pressing (CIP) process
3.1.2.3 Hot isostatic pressing (HIP)
It was established by most research groups that low filed Jc of MgB2 superconductor can be
enhanced by increasing the grain connectivity. To do this CHPD was introduced and significant
enhancement was observed. Another approach for increasing the connectivity is hot isostatic
pressing (HIP). In this method, pressure is introduced during the reaction process. Yet, the
method was not that much successful to reach the acceptable Jc in the beginning. In this work,
HIP was used in IHPP using different medium on different kind of wires and cables, along with
CHPD and the result is very encouraging. Figure 3.2(a, b) depicts the pictorial view of Hot
Isostatic Pressing (HIP) chamber. HIP was done at 700 °C and 740 °C up to 1.6 GPa pressure.
There are some problems associated with HIP and is not suitable for the production of industrial
length wires due to several reasons, i.e., possibility of Ar gas trap inside the filament, too small
sample chamber for reacting km-class wire. The long wires production eliminating all these
issues needs a special design for the construction of the chamber. To confront this problem,
University of Wollongong and Institute of High Pressure Physics (IHPP), Poland has recently
developed such a new lab scale HIP device (see Figure 3.3).
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Figure 3.2 a) Pictorial view of Hot Isostatic Pressing (HIP) chamber with gas medium, and
b) Cross sectional view of the HIP chamber in gas medium.
In this device (see Figure 3.3), molten salt (specific eutectic mixture of salts (i.e NaCl and
KCl) along with Boron Nitride (BN)) is used as a pressing medium instead of gas which can
easily trapped into the filament. BN is used for its significant chemical stability and plasticity.
In this process, a long wire sample is kept inside the salt bed in a sealed high pressure chamber.
At desired temperature solid salt mixture melts in the high pressure chamber. In this way,
external force is applied into the liquid and the force is directly transmitted to the wire
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homogeneously. This new toroid type isostatic hot press makes it possible to produce the
hundreds or thousands meters of thin MgB2 wires, ready for use in high performance
superconducting systems.

Figure 3.3 The image of lab scale toroidal type salt bed HIP device. In (a and b) wire is placed
inside the groove, c) outside view of the system after sample installment.
The pictorial schematic design of the first prototype of liquid salt based HIP machine has been
shown in Figure 3.3. The second stage densification after CHPD using toroidal HIP chamber
has recently been applied on optimized CHPD treated wires under the collaboration between
University of Wollongong, Australia and Institute for High Pressure Physics (Unipress),
Poland. The record high Jc has been obtained for the in-situ PIT wires and this result is well
comparable with the second generation MgB2 wires produced by Advanced Internal
Magnesium Infiltration (AIMI) technique1 reported by Hyper Tech, Research, USA.
3.1.2.4 Continuous tube forming and filling (CTFF)
The continuous tube forming and filling (CTFF) method is a patented process of Hyper Tech
Research Inc. and vary fast wire fabrication technique for MgB2 conductors2. Figure 3.4
depicts the conceptual schematic view of CTFF process. In this technique, a continuous metal
strip of niobium (Nb) is used as the inner barrier. As this metal ribbon goes through the tube
forming dies, it gradually turns into a ‘U’ shape. Then, the powder mixture of magnesium (Mg)
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and boron (B) is poured into the ‘U’ shape metal strip. After filling the powder, the tube is
closed off through the closing dies. The tube filled with powder is put into another tube (i.e.
Monel) for double sheathing. Then, the tube passes through series of dies to reduce the diameter
into a final form (i.e. 0.832 mm). CTFF process ensures fast wire fabrication and long length
production.

Figure 3.4 Schematic representation of the CTFF wire fabrication process3
In this work, CTFF wire was used in collaboration with Hyper Tech Research Inc. to
characterize the superconducting performance in the University of Wollongong.
3.2 Equipment
3.2.1 Phase and Structure Characterization
3.2.1.1 Powder x-ray diffraction (XRD)
X-ray diffraction (XRD) was used to investigate the purity of the sample, the phase formation
and obtained XRD patterns were evaluated to check the phases, lattice parameters, and grain
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sizes. XRD was performed by using GBC MMA diffractometer with a Cu-Kα radiation source
(λ = 1.54059Å). The diffraction data was collected using powder from samples and the typical
scan range is 20° to 80° (2 theta) with 1°/min step size.
These X-rays are produced by a cathode ray tube, then filtered to get monochromatic radiation,
collimated to concentrate them, and directed toward the sample. Using the Bragg’s law, XRD
pattern can be indexed. Figure 3.5 depicts the X-ray diffraction in θ-2θ configuration4. Bragg’s
law: nλ = 2dsinθ, where, λ = wave length, n is an integer, θ = diffraction angle and d lattice
spacing.

Figure 3.5 The X-ray diffraction in θ-2θ configuration4
From the XRD pattern, the lattice parameters were calculated by using the Rietveld refinement
method5. The grain sizes and the strain were calculated from Williamson-Hall plot. The fullwidth-at-half-maximum (FWHM) of the characteristic peak of different samples was obtained
by using Traces 6.3.0 software. FWHM indicates grain size of the sample. According to
Scherrer’s formula (Dp  0.94 / 1/ 2 cos, where Dp is crystal size,  is wavelength, 1/2 is
FWHM, and  is peak position), the FWHM value is inversely proportional to grain size. For
removing the peak broadening problem standard Si powder was used.
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3.2.1.2 Scanning electron microscopy (SEM)
To observe the surface morphology, microstructure and chemical composition of the samples,
the scanning electron microscope (SEM) was used. A JEOL JSM-7500FA, field emission
scanning electron microscope (FESEM), was used for SEM analysis. Electron energy loss
spectroscopy (EELS; JEOL ARM-200F) analysis was carried out for detecting carbon. In the
SEM, a focused beam of high-energy electrons is used to observe the features down to 50Å.
The electrons emitted from the Solid samples are collected to form the final image. The
typical magnification of the microscope is up to several hundred thousands of times. The
FESEM 7500FA is capable of determining chemical compositions using energy dispersive
X-ray (EDX) analysis. To determine the energy spectrum of X-ray to characterize the elemental
composition of MgB2 samples, EDX was used.
3.2.1.3 Transmission electron microscopy (TEM)
Transmission electron microscopy (TEM) was performed on powdered sample to investigate
the boron powder characteristics. Transmission electron microscopy (TEM) is a microscopy
technique in which a beam of electrons is transmitted through an ultra-thin specimen,
interacting with the specimen as it passes through. An image is formed based on the interaction
of the electrons transmitted through the specimen. The image is magnified and focused onto an
imaging device, such as a fluorescent screen, on a layer of photographic film. TEM is capable
of imaging at considerably higher resolution than the normal microscope. The bright field
imaging is the most common mode of operation in TEM, where imgae contrast is produced
due to electron absorption in the materials. The grain size, crystal defects, and stacking fault
can be determined by TEM analysis. In Figure 3.6, a schematic view of the TEM image forming
technique is shown6.
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Figure 3.6 Schematic representation of the image forming technique in TEM6
3.2.2 Electromagnetic property characterization
The electromagnetic properties of MgB2, such as, the critical temperature (Tc), the critical fields
(Bc2 and Birr), and the critical current density (Jc) were measured using a Quantum Design
physical property measurement system (PPMS). Figure 3.7 depicts the general principal of
magnetic measurement. In the magnetic measurement, the sample is located in a system of
primary and secondary coils. The primary coil creates an excitation field set to frequency of
117Hz and amplitude of 0.1 Oe. On the other hand, sample located in the secondary coils,
creates a change in the induction voltage through the coil due to the shielding current and it
can be detected by the lock-in amplifier (see Figure 3.7).
The transport critical current (Ic) of the wire was measured by using standard dour probe
method with 1μVcm-1 criterion. In this technique, the sample is attached to sample probe in a
in a particular way that the construction fulfil the four probe circuit. The current leads are
connected to the outer contacts in the probe to supply the current to the sample and two inner
82

contacts act as a voltage tape to measure the voltage across the distance. Typically, samples
were measured at 4.2 K and 20 K. Room temperature resistivity of the samples can be
measured by the same method.

Figure 3.7 Schematic representation of mutual inductance technique for magnetic
measurement.
3.2.2.1 Determination of the critical temperature (Tc)
The Tc of the superconducting materials was determined by two separate methods, (a) the
alternative current (ac) susceptibility measurement at zero field and (b) the resistance
measurement at zero field using a Quantum Design physical property measurement systems
(PPMS). In the ac susceptibility measurement, Tc was defined as the onset of the diamagnetism
by measuring the real part of the ac susceptibility. In the resistance measurement at zero field,
temperature dependence resistive transition suggests the formation of energy gap in the
superconductor. In here, Tc is defined as the onset of the resistivity drop to zero point. Figure
3.8 depicts the Tc definition based on the resistivity measurement method. The residual
resistivity (𝜌0 ) is defined as the resistivity at the transition point and it is an indicator of the
impurity scattering effects.
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Figure 3.8 The temperature dependence of resistivity
3.2.2.2 Determination of the upper critical field (Bc2) and irreversibility field (Birr)
In this thesis, the upper critical field (𝐵c2) and the irreversibility field ( 𝐵irr ) were determined
by the resistivity measurement in dc filed from 0 to 13 T, using the 14T PPMS. In the
resistivity measurement, 𝐵c2 and 𝐵irr are defined as 𝑅(𝐵c2 , 𝑇) = 0.9 𝑅ns and 𝑅(𝐵irr, 𝑇) =
0.1 𝑅ns , where 𝑅ns is the normal state resistance of MgB2 at 40K.Again, 𝐵irr also assumed
from the magnetization measurement based on the criterion, the field at which the Jc = 100
Acm−2, at a particular measuring temperature.
3.2.2.3 Determination of the critical current density (Jc)
The critical current density (Jc ) of MgB2 was measured b y either (1) dc magnetization
measurement through the variation of moment under different applied magnetic field or (2) dc
transport critical current measurement. For bulk sample, Jc was determined from the
magnetization hysteresis loop by employing the Bean approximation model7. For bar shaped
sample, the model is expressed as

𝐽𝑐 =

20∆𝑀
𝑉
𝑎
𝑎(1− )
3𝑏
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, [a < b]

Where, ΔM is the width of the relevant M-H loop, V is the volume of the sample, a and b are
the width and length of the bar shaped sample, respectively, in a plane perpendicular to the
applied field. The hysteresis loop was measured over a wide range of temperature from 4.2 K
5 to 32 K. Figure 3.9 shows the schematic representation of hysteresis loop of MgB2. To
eliminate the size effect on Jc, the dimensions of the bulk sample were maintained nearly
1mm × 2mm × 3mm in all cases.

Figure 3.9 Schematic presentation of magnetic hysteresis loop of MgB2, showing the width of
the loop ∆M.
For wires and tape, the Jc was calculated from the transport Ic by dividing by superconducting
cross sectional area of MgB2. The Ic of MgB2 was measured at 4.2 K and 20K using 15 T
superconducting magnet by standard four probe method.
3.2.2.4 Determination of the transport critical current density (Jc)
The transport critical current (Ic) was measured in the 15 T superconducting magnet cryostat
system. A partial conceptual diagram of the system is depicted in Figure 3.10. The cryostat
consists of a variable temperature insert used for applications that require continuous variation
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of temperature on the sample. Desired level of temperature inside the space was obtained by
withdrawing a controlled amount of liquid helium from the magnet reservoir through a valve
capillary tube located at the bottom. The temperature inside the chamber was varied by heating
flow. An electrical heater was placed on the bottom adjacent to the capillary tube. The operating
temperatures can be achieved from 4.2 K to 300 K. To reduce heat load and consumption of
the liquid helium multilayer super insulation and liquid nitrogen shield was employed. The
wire samples of around 4.5 cm were mounted onto two oxygen free high conductivity (OFHC)
copper blocks, which served as a heat reservoir and low-resistance current leads to the sample.
Two ends of the sample were soldered onto two separate copper blocks, with the soldered
length of around 1.0 cm. The other ends of the copper blocks were soldered directly to the hightemperature superconductor (HTS) leads that extend 2m down to the chamber, positioning the
sample in the middle of a DC superconducting magnet. An additional heater was on the sample
holder for better temperature control. The magnetic field was perpendicular to the round wire.
For the DC transport measurement a bipolar power source from Cryomagnetics was used
as the current source. The maximum peak current was limited to 200A .The current ramping
rate was fixed at 0.5As-1 for currents up to 60A and 1.0 As-1 hereafter. Nano voltmeter was used
to measure low voltage drop. Depending on the noise and solder points, typical range of the
voltage signal during the transport measurement is from 10-8 V to 10-6 V. The LabVIEW
(Laboratory Virtual Instrumentation Engineering Workbench) software was used for data
acquisition.
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Figure 3.10 Conceptual drawing of the system used for studying superconducting samples in
a magnetic field at varying temperatures
The critical current, Ic was obtained as the current giving a voltage of 1μVcm-1 of sample length
from the I-V characteristic curve. This Ic was used to calculate the transport critical current
density.
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CHAPTER 4: CORRELATION BETWEEN IN-FIELD JC ENHANCEMENT AND
GRAIN CONNECTIVITY IN CO-DOPED MgB2 SUPERCONDUCTOR
4.1 Introduction
Due to recent advances in cryocoolers, magnets for many electrical utilities may be the best
optimized at temperatures of 10 to 35 K1, a domain for which MgB2 could provide the cheapest
superconducting wires2. For industrial application, its in-ﬁeld Jc has to be improved, however.
To date, much attention has been paid to the enhancement of the high-ﬁeld Jc properties of
MgB2 wires and carbon substitution on boron sites by chemical doping with nano-SiC 3, carbon
nanotubes 4, nanocarbon5, carbohydrate6, 7, etc. has been proven to be the easiest and most
effective way to enhance the ﬂux pinning. It has been generally accepted, however, that the
applications of MgB2 in ﬁelds of 1–2 T at 20–25 K, such as in a cryogen-free magnet for MRI
or fault current limiter systems, might be more practical than its high-ﬁeld utilization8. For
MgB2, carbon dopant has proved its potential to enhance the high-ﬁeld properties, although
researchers are still struggling to improve the low-ﬁeld Jc for such applications. Among the
aforementioned dopants, in this work, we have considered nano-size SiC, which is one of the
most effective dopants for MgB2. The cumulative effect by dual reaction model9 (substitution
for B by C and precipitates of Mg2Si) is the reason for the superior results from SiC doping.
Slusky et al.10 have shown that Al can aggressively react with MgB2, and its substitution into
the Mg position leads to a loss of superconductivity. It was found, however, that alumina
(Al2O3) is more stable in terms of reaction with MgB2 11-13, and as a dopant, results in low ﬁeld
Jc enhancement due to improved grain connectivity. A few successful research efforts have
been reported on co-doping 14-16 but the effects of simultaneous doping with nano-Al2O3 and
SiC on the formation and superconductivity properties of the MgB2 bulk and wires have not
been reported, however, to the best of our knowledge. In the present work, to improve the inﬁeld Jc performance, we study the effects of co-doping nano-Al2O3 and SiC into MgB2 bulk
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and wire on the microstructure, as well as the superconducting and electronic properties.
4.2 Experimental
Pure and six bulk samples of Mg0.98Al0.02 (B1-xCx)2 were prepared by an in-situ process, where
the values of x are 0, 0.01, 0.02, 0.03, 0.04 and 0.05. The constituent materials Mg, B, Al2O3,
and SiC were mixed in a stoichiometric ratio. Finally, the mixed powder was pelletized under
high pressure. Then three wires (undoped, single doped with 2 wt% SiC, and co-doped with 2
wt% Al2O3 + 1 wt% SiC) were fabricated and all samples were sintered at 670 °C for 2.5 h.
The wire fabrication process with iron sheath for the different powders has been published
elsewhere7. Microstructures, lattice parameters, magnetization and normal state resistivity, and
transport critical currents were characterized by using a ﬁeld emission gun-scanning electron
microscope (FEG-SEM), X-ray diffractometer (XRD), vibrating sample magnetometer (VSM)
attached to a 14 T physical properties measurement system (PPMS) and 14 T transport
measurement system, respectively. A magnetic Jc was derived from the height of the
magnetization loop ΔM using a Bean model: Jc = 20ΔM/[a(1-a/3b)]. The lattice parameters
were obtained by Rietveld reﬁnement. Details of the sample compositions and measured
superconducting properties of all the samples are given in Table 4.1.
4.3 Results and Discussions
The XRD spectra of pure MgB2, MgB2 mono doped with 2 wt% Al2O3 and co-doped with 2
wt% Al2O3 and SiC in different percentages are shown in Figure 4.1(a), where it is clear that
the pure and 2 wt% Al2O3 mono-doped samples contain no other impurity phase except for
minor trace of MgO. With the addition of SiC, along with 2% Al2O3, an impurity phase MgSiO4
appears, the peaks of which are marked by +. It is clear that the full-width-at-half- maximum
(FWHM) of the (1 1 0) peak increases with increasing SiC doping level (Table 4.1). This
indicates that small grains and imperfect crystallinity exist in the co-doped samples 17, 18. These
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observations can be further supported by the microstructures in Fig. 1b–d, where the grain size
seems to be smaller, more compacted and homogeneous for the co-doped sample (Figure
4.1(d)) compared to un-doped (Figure 4.1(b)) and mono-doped samples (Figure 4.1(c)).
Table 4.1: Lattice parameters, FWHM values, ρ values at 40 K, and Tc for the bulk samples
of Mg0.98Al0.02(B1−xSiCx)2, with x varying from 0 to 5%.

From Table 4.1, it is found that the a-axis lattice parameter decreases faster than the c-axis one
with the increasing addition of SiC. This clearly indicates the substitution of C on B sites in the
ab- plane. However, the c-axis only slightly modulated with the addition of Al2O3. It is also
clear from Table 4.1 that co-doping with SiC and Al2O3 also reduces the transition temperature
(Tc) more than in the undoped and alumina only doped MgB2. This is expected due to the C
substitution at the B sites. Since no C substitution takes place in only Al2O3 doped sample, the
a-axis parameter and Tc reduction may be due to the lattice strains caused by the nanometersized Al2O3 inclusions in the MgB219. This observation can also be supported by the resistivity,
ρ, values for the undoped MgB2, MgB2 + 2 wt% Al2O3 and MgB2 + 2 wt% Al2O3 + (1–5) wt%
SiC samples, which were 28, 30 and 54–122 mΩcm at 40 K, respectively, as shown in Table
4.1. The increased ρ and the reduction of a-axis and Tc for the MgB2 + 2 wt% Al2O3 + (0.5–5)
wt% SiC samples also indicate increased impurity scattering as a result of C substitution onto
B sites.
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Figure 4.1 (a) XRD of Mg0.98Al0.02(B1−xSiCx)2, with x varying from 0 to 5%. SEM images for
(b) pure MgB2 and MgB2 with (c) 2 wt% Al2O3 and (d) 2 wt% Al2O3+1 wt% SiC.
The variation of magnetic Jc of the bulk samples at 10 K and 25 K with magnetic ﬁeld (B) is
plotted in Figure 4.2(a and b), respectively. The samples with SiC doping show great
improvement, especially in the high ﬁeld region, compared to the un-doped and alumina only
doping samples. The co-doped sample with the composition of 2 wt% Al2O3 + 1 wt% SiC
shows the best in-ﬁeld Jc (B) performance at both 10 K and 25 K (Table 4.1). Figure 4.3 shows
the transport Jc vs B for the pure, SiC mono-doped and co-doped MgB2 wires at 4.2 K and 20
K. The design and morphology of the MgB2/Fe wire ﬁlament has been displayed in the inset.

91

Figure 4.2 Magnetic Jc vs B for Al2O3 and SiC co-doped MgB2 bulk samples at (a) 10 K and
(b) 25 K.
It seems that co-doping causes a possible Jc crossover at 7 T with SiC mono-doping at 4.2 K.
A steeper slope of Jc-B is observed in co-doped MgB2 wire compared to the mono-doped wire.
The value of B(104) [the ﬁeld at which Jc = 104 Acm-2] was enhanced from 7.6 to 9.8 T in the
co-doped wire compared to the pure wire due to improved grain connectivity, smaller grain
size, and C-substitution, as evidenced by the ρ, FWHM, Tc, and a-axis lattice parameter,
respectively.
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Figure 4. 3 Transport Jc vs B for Al2O3 and SiC co-doped MgB2 wire samples at 4.2 K and
20 K. Transverse- and cross-sectional views of the un-doped wire are shown in the inset.
4.4 Conclusion
We have successfully synthesized pure and nano-Al2O3 + SiC co-doped MgB2 polycrystalline
bulks and wires. A systematic decrease in a-axis lattice parameter and Tc in co-doped samples
with increasing SiC doping level was observed. The co-doped sample with the composition of
2 wt% Al2O3 + 1 wt% SiC in both bulk and wire form shows the best in-ﬁeld Jc (B) performance
at operating temperatures ranging from 4.2 K to 25 K due to the carbon substitution and better
grain connectivity. This result is very interesting from the view point of low-ﬁeld magnet
applications.
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CHAPTER 5: SUPERIOR CRITICAL CURRENT DENSITY OBTAINED IN MgB2
BULKS THROUGH LOW-COST CARBON ENCAPSULATED BORON POWDER
5.1 Introduction
Compared to other superconductors, MgB2 has fascinating advantages, such as its simple
crystal structure, large coherence length, low material cost, and small anisotropy1-3. These
properties make MgB2 competitive with high temperature superconductors (HTS). In addition,
the soaring price of helium is a serious threat to other low temperature superconductors (LTS).
Recently, MgB2 superconductor was shown to have significant potential for industrial
applications, such as magnetic resonance imaging (MRI), maglev trains, wind turbines,
Josephson devices, fault-current limiters, etc. In spite of its numerous advantages, existing
MgB2 materials still have some drawbacks under magnetic field. To overcome this, extensive
research has been carried out to increase in-field performance of MgB2 in the past decade with
a view toward practical application. Carbon is well-known to be a promising dopant that can
accelerate the enhancement of high field performance. It is thus necessary to optimize an
industrial scalable approach of carbon doping for MgB2 material.
Various approaches have been adopted previously by many research groups to introduce
carbon into MgB2 lattice structure, and among those methods, the most popular techniques are
solid state mixing4 and the chemical solution route5. In the case of solid state mixing4, nanosize precursors, such as SiC and C, are used, but usually nano-size precursor powders tend to
be agglomerated during the mixing process. In addition, inhomogeneous mixing between
precursors makes MgB2 undergo complicated reaction or leads to unexpected impurity phases.
Alternatively, the chemical solution route has been suggested, and the effect of carbohydrate,
i.e., malic acid, introduced in this way on the MgB2 superconducting material have been
evaluated, demonstrating that this is one of the most successful techniques reported so far5-7.
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In this case, homogeneity of the carbon cannot be achieved up to the desired level. This is
because there is no definitive control during this process due to the high volatility of the liquid
hydrocarbon. Recently, Susner et al.8 investigated and reported a more efficient carbon-doping
method, with the product called pre-carbon doped boron, resulting in enhancement of the
irreversibility field (Birr) and the upper critical field (Bc2) when it was used in MgB2
superconductor. In their method, they used boron that was amorphous, but with some
monocrystalline nature, synthesized by the radio frequency (RF) plasma method9, 10. In this
process, however, residual BCl₃ adsorbed on the powder particles can react with the humidity
in air11, which is detrimental to the performance of the superconductor.
In order to overcome these problems, we fabricated and studied carbon encapsulated boron
powder in collaboration with Pavezyum Kimya, Turkey. We produced amorphous boron
powder through pyrolysis of diborane gas (B2H6) under inert conditions, and the corresponding
schematic illustration of the whole process is presented in Figure 5.1(a). In the B2H6
production method, there is always hydrogen gas present in the gas stream, which enables a
reducing atmosphere and protection against oxidation. At the same time, it can enhance the
thermal conductivity during the pyrolysis. Carbon addition is established by the simultaneous
decomposition or pyrolysis of gaseous hydrocarbon (CxHy) in the furnace with the B2H6.
Hydrocarbon as carbon dopant is simply injected into the gas stream of B2H6 and hydrogen.
Finally, freshly formed spherical-shaped boron particles are obtained, encapsulated with active
thin carbon layers (see Figure 5.1(b)). What is important thing is that this approach offers
further direction for the scalable production of cost-effective and suitable boron powder for
industrial use in MgB2 applications.
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Figure 5.1 (a) Schematic diagram of carbon encapsulation process; (b) EELS spot analysis
indicates high carbon concentrations at the edges of particles (80 keV).
5.2 Experimental Procedure
MgB2 bulks were prepared using commercially available magnesium (Mg, 99.9%, 325 mesh)
and in-house amorphous boron (B, 98.8%) powders with the composition of Mg : B = 1 : 2. To
investigate the performance of carbon encapsulated boron power (98.8%), four samples were
prepared and denoted as PVZ-NB 23, PVZ-NB 34, and PVZ-NB 41, respectively, with
different carbon amount. Undoped MgB2 bulks were also made for comparative study. Using
a carbon analyzer (LECO company) the carbon percentages for PVZ-NB 23, PVZ-NB 34, and
PVZ-NB 41 were estimated to be 2.3 wt.%, 3.44 wt.% and 4.14 wt.%, respectively. The
powders were pressed into 13.0 mm pellets 1.0 mm in thickness by applying uniaxial pressure
using 10 ton hydraulic press. Each pressed pellet was then sealed in an iron tube and sintered
at 700 ˚C for 30 min in a tube furnace under high purity argon gas (99.99%) atmosphere. To
investigate the microstructure and phase constitution, X-ray diffraction (XRD) analysis was
performed on a GBC MMA X-ray diffractometer using Cu-Kα radiation. Electron energy loss
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spectroscopy (EELS; JEOL ARM-200F) analysis was carried out for detecting carbon. The
morphology of the bulk samples was observed by scanning electron microscopy (SEM) on a
JEOL JSM-7500FA. The magnetic hysteresis loops, critical temperature (Tc), and resistivity
(ρ) of the samples were measured with a physical properties measurement system (PPMS,
Quantum Design). For comparison, all the samples were kept at the same size. The critical
current density (Jc) was calculated from the Bean approximation model.
5.3 Results and Discussions
Figure 5.2 shows the XRD patterns of bulks sintered at 700°C for 30 minutes. Diffraction
analysis was carried out using Rietveld refinement. We found that MgB2 is well developed
with a minor amount of MgO impurity, regardless of a sintering temperature. Figure 2(b and
c) shows enlarged views of selected regions of the XRD patterns to reveal the details of the
MgB2 (110) and (002) peaks, respectively. It is clear that the (110) peak of the carbon-doped
samples is shifted towards higher angle compared to the undoped MgB2. On the other hand,
the (002) peak position remains unchanged in all the samples. This indicates that carbon
partially substitutes for boron in the lattice in the MgB2 crystal structure. The lattice parameters
were further determined by Rietveld refinement using FullProf software. The a- and c-lattice
parameters are presented in Table I. We found that the a-axis lattice parameter of the carbondoped samples is smaller than that of the undoped MgB2 (from 3.086 Å to 3.072 Å). Avdeev
et al.12 proposed a method to estimate the actual level of carbon substitution x in Mg(B1-xCx)2,
and according to this technique, x = 7.5 × ∆(c/a), where ∆(c/a) is the change in c/a compared
to an undoped sample. The actual carbon contents for the PVZ-NB 41, PVZ-NB 34, and PVZNB 23 samples in terms of x in Mg (B1-xCx)2 are estimated to be 0.0232, 0.0266, and 0.0307,
respectively.
Table 5.1 Crystallographic data from Rietveld analysis, the resistivity at 40 K and 300 K and

99

irreversibility field (Birr) for un-doped and carbon-encapsulated MgB2 samples.

Birr* was calculated from the standard criterion of critical current density (100 Acm -2)

Figure 5.3 presents SEM images of the top-view surfaces of the undoped and carbon-doped
samples. As was previously reported13, the morphology of carbon-doped samples is changed
from that of the corresponding undoped materials and is more compacted with more
homogeneous particles due to the carbon encapsulation. The grain size is also smaller in the
carbon-doped samples compared to the undoped sample, which increases grain boundary
pinning. The grain refinement of the carbon-encapsulated sample is further supported by the
full-width-at-half-maximum (FWHM) of (101) and (110) peaks in the XRD patterns as shown
in Table.1. The FWHM values of the (101) and (110) peaks for the doped MgB2 samples
become broadened with increasing carbon content. According to Scherrer’s formula (Dp 
0.94 / 1/ 2 cos, where Dp is crystal size,  is wavelength, 1/2 is FWHM, and  is peak
position), the FWHM value is inversely proportional to grain size. Therefore, this broadening
of the FWHM value could indicate a refinement of the grain size due to a carbon substitution
that minimizes grain growth, which results in an enhancement of the grain boundary pinning
effect. This can be also explained by the reduction of Tc. Table I also present the measured
resistivity (ρ) values, and it was observed that ρ at 40 K increases from 27.30 µcm in the
undoped sample to 54.29 µcm in the PVZ-NB 23 doped sample. This increased resistivity is
due to the impurity scattering in MgB2 lattice14.
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Figure 5.2 X-ray diffraction pattern of (a) undoped and carbon-doped MgB2 samples, and
enlarged view of (b) the (110) peak and (c) the (002) peak. All the samples were sintered at
700 ˚C for 30 minutes.

Figure 5.3 SEM images of (a) undoped and (b) C-encapsulated MgB2 bulk samples sintered at
700 ˚C for 30 minutes.
Figure 5.4(a and b) shows the magnetic field dependence of Jc of the undoped and carbondoped MgB2 bulk samples. For comparative study, the results for undoped and carbon doped
MgB2 samples fabricated from different boron sources are plotted in Figure 5.4(b). Figure
5.4(a) shows that, at 9 T and 5 K, the Jc values for all carbon-doped samples are over 104 Acm2

, more than six times higher than the values for the undoped MgB2 sample. The best sample
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in our experiment (PVZ-NB 34) was chosen for comparison in Figure 5.4(b). It reveals that
the magnetic Jc of PVZ-NB 34 exceeds that of the malic doped sample which produced through
chemical solution route15. This could be attributed to the pre-carbon encapsulation method.
Grain boundary pinning may also play a role, because it is usually important in the high field
region, as seen in undoped MgB2. In addition, the normalized temperature dependence of Bc2
for all the present samples is shown in the inset of Figure 5.4(a). Significant enhancement of
Bc2 was observed for the carbon-encapsulated MgB2 samples, indicating that carbon
substitution in boron sites results in an enhancement in Bc2. The slope of the Bc2 as functions
of normalized temperature for the carbon-doped samples is much steeper than for the undoped
sample. This is related to the intra-band and inter-band scattering due to carbon substitution4,
5

. The irreversibility field (Birr) in Table I was determined using an extrapolation of Jc versus B

to 100 A cm−2 at 20 K. A common feature observed in carbon doped MgB2 samples (Table I)
is the enhancement of Birr. This observation can be explained by the fact that the enhancement
of the electrical resistivity at 40 K as a consequence of the disorder introduced by the carbon
substitution on the boron sites.
The small grain size and the grain boundary density (see Figure 5.3) in carbon-doped MgB2
samples may contribute to the flux pinning. To obtain a clear concept of the pinning mechanism
in the carbon-encapsulated samples, the normalized pinning force density, f = F/Fmax is plotted
against h = B/Bpeak in Figure 5.4(c), where Bpeak is the magnetic field at the maximum pinning
force. The scaling of f-h is analyzed through the formulation of Higuchi et al.16 in terms of
normal point pinning, f(h) = (9/4)h(1-h/3)2, and correlated pinning, f(h) = (25/16)h0.5(1-h/5)2.
From the experimental data, it is evident that at normalized magnetic field higher than Bpeak,
flux pinning is dominated by the correlated pinning for the carbon-encapsulated samples,
whereas point pinning is dominant for undoped samples. That is why flux pinning is determined
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by both point pinning and surface pinning15. The experimental results are in good agreement
that the grain sizes in the carbon-doped samples are much smaller than in the undoped samples
sintered at 700 ˚C for 30 minutes.

Figure 5.4 Magnetic field dependence of critical current density (Jc) at 5 K and 20 K (a) for
the un-doped and the carbon-doped MgB2 samples, and (b) for different bulk MgB2 samples
from the literature compared with the best carbon-doped MgB2 sample (PVZ-NB) (c) The
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normalized pinning force density, f = F/Fmax is plotted against h = B/Bpeak for PVZ-NB 34
sample. The inset of (a) shows Bc2 against the normalized temperature T/Tc for the present undoped and carbon-doped MgB2 samples.
5.4 Conclusion
In summary, boron powders pre-encapsulated with different carbon contents were used to
fabricate MgB2 bulks. These bulks show enhanced magnetic Jc, with the highest value of 104
Acm-2 at 9.47 T, 5 K. The reason behind the improved high field Jc and pinning force is that
the enhanced grain boundary pinning and homogeneous carbon distribution in the carbondoped samples increase the Mg and B reactivity, and at the same time, restrict the grain growth
of the reacted MgB2. These results indicate that carbon-encapsulated amorphous boron could
be a promising alternative for industrial production of practical MgB2 bulks or wires with
excellent Jc, as large-scale production can be commercially viable in terms of costeffectiveness.
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CHAPTER 6: SYNERGETIC COMBINATION OF LIMD WITH CHPD FOR THE
PRODUCTION OF ECONOMICAL AND HIGH PERFORMANCE MgB2 WIRES
6.1 Introduction
From the perspective of practical applications, the preparation methods of MgB2 wires play a
very significant role in obtaining good performance. The in-situ fabrication method has been
used successfully to make MgB2 wires and tapes. In most cases, to make the MgB2 conductor,
both high purity amorphous or crystalline boron (B) powders along with small size Mg are
used1-4. The cost of the precursor materials need to be taken into serious consideration for
practical application, as the materials cost will be significantly high if the expensive high
quality precursors are used. This cost problem could be solved significantly by using
inexpensive low grade precursors. The price of high purity (99%) amorphous B powder is about
ten times more expensive than low purity (96%) crystalline B powders. Contrarily, low purity
materials need to be tested to find out conductor performance if they can be used to supplant
existing precursors without much dropping in the superconducting properties. Recently, Kim
et al. reported a very cost effective fabrication method by tailoring the starting material for
inexpensive high performance MgB2 wire5. It was revealed that using carbon (C)-encapsulated
crystalline boron powder and coarse Mg as precursors improved the MgB2 wire performance
by controlling the shape and direction of the voids. Though, grain connectivity is still affected
by the presence of elongated voids. So far, in the in-situ processing technique, the low density
of the filament cores has been a serious hurdle in obtaining high critical current density (Jc)
values in MgB2 wires. In addition, volume contraction during the reaction from Mg and B to
form MgB2 limits the final density to about 50% of the theoretical density (2.36 gcm-3). Due to
the presence of high porosity in reacted MgB2, the grain connectivity is significantly hampered
in the finished wires. The typical effective superconductor area in the MgB2 wire is only about
10%6, 7. In recent times, cold high pressure densification (CHPD) has been proposed as an
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alternative way to enhance mass density and grain connectivity8, 9. Hossain et al. reported that
the Jc value at 4.2 K and 10 T to be increased to around 40000 Acm-2 for a malic acid doped
square conductor produced using CHPD9. In 2009, the superconductivity group of the
University of Geneva first successfully applied CHPD to MgB2 conductor in a short-length (<1
m)8. The density was increased to 73% of the theoretical value for the CHPD treated wire after
heat treatment. The Jc increase was particularly remarkable at 20 K, which is more than 300%.
Another very effective densification technique is known as the infiltration method, first
reported by Giunchi et al., in which the MgB2 wire was fabricated using a composite billet
composed of a steel pipe internally lined with an Nb tube filled with a coaxial internal pure Mg
rod and B powder10. The Jc performance from the reported work was not outstanding, however,
as there was no chemical doping associated with the technique. Following this work, an internal
Mg diffusion (IMD) process using a pure Mg rod as a core surrounded by B powder and SiC
additive was developed. The composite was cold worked into a wire and heat-treated at
temperatures above the melting point of Mg (650 °C). During the heat treatment, liquid Mg
infiltrated into the B layer and reacted to form MgB2 phase. The best Jc for this IMD SiC doped
MgB2 wire was 100000 Acm-2 at 8 T, exceeding the performance of commercial Nb-Ti wires
and making it satisfactory for all technical applications11. However, there is a serious limitation
for scaling-up the IMD method. In this process, the Mg infiltration into the B layer forms a
hollow wire with only a thin layer of Formula in the interior of the sheath tube. The total
superconductor cross-sectional area is small. It is obvious that for this technique to be useful
in large-scale production, an innovative process must be developed, and this is the process we
propose in this work.
The main goal of this work is to develop a novel fabrication technique by combining the
localized IMD process (LIMD) with CHPD and using large size Mg instead of Mg rod and
cheap crystalline B powder for the manufacture of economical Formula superconductor wires
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with electromagnetic performance suitable for industrial application.
6.2 Experimental Procedure
All wires were fabricated by the in-situ powder-in-tube (PIT) process. The starting Mg : B
atomic ratio was chosen to be 1:2. Mg powders with different particle sizes of 325 mesh, 100
mesh, and 20–50 mesh were mixed with 97% crystalline boron supplied by Specialty Material
Inc (SMI), USA. For comparison, two extra batches of wires were prepared from 325 mesh
Mg/99% nanosize amorphous boron supplied by SB Boron USA and 325 mesh Mg/crystalline
boron supplied by HC Starck, Germany. The compacted mixtures were inserted into Fe sheaths
9.5 mm in outer diameter and 5.5 mm in inner diameter. The Fe sheaths were cold-rolled into
wires 3.5 mm in diameter using a two-axial grooved roller and inserted into Monel sheaths 6.0
mm in outer diameter and 3.5 mm in inner diameter. Afterwards, the composites were coldrolled and drawn into wires 1.0 mm in diameter. The wires were then subjected to the CHPD
process with the applied pressure of 1.5 GPa for core densification. All wires were sintered at
650 °C for 16 hours in a flowing argon gas environment. The transport critical currents of short
pieces (6 cm) of straight wires were measured against magnetic field in the low temperature
laboratories at the Karlsruhe Institute of Technology (KIT), Germany. Samples were immersed
in a liquid helium bath and exposed to an external transverse magnetic field ranging from 2 up
to 12 T. Current-voltage (I-V) characteristics were recorded by using a standard four-point
measurement, where the potential taps were placed in the middle of the wire and spaced 2 cm
from each other. The critical currents were estimated from the I-V curves using the criterion of
1 μVcm-1. Grain morphology and microstructure were investigated by scanning electron
microscopy (SEM).
6.3 Results and Discussions
Figure 6.1 gives a comparison of Jc with and without CHPD in MgB2 monofilament wires
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made from 325 mesh Mg and 99% purity amorphous (SB) or crystalline (SMI and Starck) B
powders. The MgB2 of wires made from amorphous boron typically shows better performance
compared to those from crystalline boron powders, which is in good agreement with published
results in the literature4. The value of Jc was surprisingly enhanced, however, in MgB2 wire
made from crystalline boron by applying CHPD. The Jc of CHPD treated wire made from
crystalline boron is 3 times higher than typical values measured for the same wires, but without
applying CHPD. This value was similar to the Jc value of wire made from expensive high purity
nano-size amorphous boron (SB). This result was the motivation for the selection of crystalline
boron in this work.

Figure 6.1 Transport critical current densities at 4.2 K as a function of magnetic field for
binaryMgB2/Fe/Monel wires fabricated from Mg powder with particle size of 325 mesh and
various boron powders from SB Boron, H.C. Starck, and Specialty Materials, Inc. For
comparison, the wires were also subjected to the CHPD process at 1.5 GPa.
In this study, we selected large size Mg following the concept proposed by Kim et al.5, which
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was in contrast to the internal magnesium diffusion (IMD) method reported by the National
Institute of Materials Science (NIMS) group11. We used large size Mg particles (100 mesh, 20–
50 mesh) rather than using a single Mg rod in the center of a metal sheath. By this technique,
the Mg diffusion process was localized after long hours of heat treatment (600 °C/16 h) to
allow a more uniform distribution of elongated voids generated during the cold working along
the wire axis rather than a single big hollow, as is found in the typical IMD wires after
reaction. Kim et al. demonstrated the validity of this concept5. Although the localized IMD
process only uniformly distributes the voids and changes the voids to an elongated shape, it
slightly improves the overall density.

Figure 6.2 Schematic concept of MgB2 wire fabrication using combined effects of CHPD and
localized internal Mg diffusion from large-sized Mg particles.
Mg is ductile, and it can be stretched along the wire direction during the drawing process 12,
resulting in a stringy and fibrous structure, to which is attributed the improved superconducting
area fraction. If the size, shape and distribution of the voids can be correctly identified, then it
will be easier to find a solution to avoid it completely. CHPD is one of the most successful
solutions for improving the density of the filament. Although voids can be minimized by
CHPD, they are not completely avoided. The shape and direction may be controlled and more

110

aligned, however, so that the MgB2 grain linkage and area fraction can be improved. A
schematic diagram of this mechanism is presented in Figure 6.2.

Figure 6.3 Transport critical current densities at 4.2 K as a function of magnetic field for binary
MgB2/Fe/Monel wires fabricated from Mg powders with different particle sizes of 325, 100,
and 20–50 mesh, and crystalline boron powder from Specialty Materials, Inc. For comparison,
the wires were also subjected to the CHPD process at 1.5 GPa.
Figure 6.3 shows the effect of CHPD on the transport Jc at 4.2 K in magnetic fields up to 12 T
for binary wires fabricated from various sizes of Mg powders and crystalline boron, and
sintered at 650 °C/16 h. Only data above 3 T are shown, because in the lower field region,
Jc was too high to be measured due to the limitations of the current supply source and the lack
of proper electrical stabilization. It was found from Figure 6.3 that the binary wire made from
the smaller size (325 mesh) Mg powder usually showed higher values of Jc than the samples
made from relatively larger sizes of Mg powder (100 and 20–50 mesh), which was consistent
with literature data13, but surprisingly, this behavior was changed completely when CHPD was
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applied.

Figure 6.4 SEM images of cores of sintered wires prepared from Mg powder with the large
particle size of 20–50 mesh (a) before and (b) after CHPD. The areas marked by the yellow
ellipses in Fig. 3(a) indicate elongated voids along the wire direction, and some of these are
eliminated by CHPD.
The Jc of wires fabricated from large size Mg (20–50 mesh) was significantly enhanced by
applying CHPD due to the flat and elongated voids in the pressed region (see Figure 6.2),
which might be attributed to the higher densification and hence, better connectivity in the
filaments, as evidenced by the SEM images (see Figure 6.4). The aligned fibrous structure
along the wire direction might also be the possible reason for the enhancement of the effective
area fraction. Such grain alignment did not seem to be severely degraded inside the wire by
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applying CHPD (1.5 GPa), and the boundaries between filaments may also act as strong
pinning centers. This work is still ongoing, and there is plenty of room for further investigations
of this interesting feature of void engineering in the MgB2 filaments after the reaction heat
treatment.

Figure 6.5 Jc versus B properties of binary wire using cheapest starting materials in this work
compared with high-performance reported wires using expensive nano-size amorphous
powder.
The critical current density as a function of magnetic field was compared in this study with the
reported best performance binary PIT in-situ and IMD processed wires fabricated from
expensive nano-size amorphous boron, small size Mg (325 mesh), MgH214, and Mg rod. It is
clear from Figure 6.5 that the wire fabricated in this work from the cheapest starting materials
treated with CHPD was well comparable in terms of performance with reported binary wires
fabricated from expensive precursors. The performance of the densified wire made from cheap
crystalline boron and large-size Mg shows similar Jc-B properties to wires using expensive
nano-size materials. The critical current density of the wire in this work reaches > 105 at 4.2 K
and 4 T, which is within the feasible range for application in low-field magnetic resonance
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imaging (MRI) machines.
6.4 Conclusion
We have shown the most economical fabrication route and an alternate solution to the IMD
method for the development of high performance, cost-effective MgB2 wires for industrial
application. The Jc of CHPD treated wires made from crystalline boron and large-size Mg
shows the best performance among the other wires in this study. The possible reason for
increased Jc may be the flat, directional, and elongated voids that arise after heat treatment from
large size ductile Mg during the cold working process. The core is densified by the application
of CHPD without any severe deterioration of the filament inside the wire. The most noticeable
point in this study is that such a good quality binary conductor using cheaper crystalline boron
and large-size Mg can be equally useful and cost effective for industry, even without the use
of nanoparticle dopants.
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CHAPTER 7: COMBINED EFFECT OF COLD AND HOT ISOSTATIC PRESSURE
ON ENHANCING THE TRANSPORT CRITICAL CURRENT DENSITY OF in-situ
MgB2 WIRES
7.1 Introduction
The superconductivity at 39K discovered in MgB2 among simple binary chemical composition
attracted much interest in its fabrication techniques and practical applications due to low
density, good compositional tolerance and easy fabrication methods1. The electrical application
is largely determined by the current carrying capability, i.e. the critical current density (Jc) of
the superconductor at the service temperature. Therefore, many researchers have been trying
to improve the Jc of MgB2 since its discovery in 2001. Although considerable progress has been
made in the fabrication and performance improvement of MgB2 during this period2, the critical
current density in MgB2 is still smaller compared to expectations for an optimized material.
As we all know, flux pinning and electrical connectivity are the critical factors determining the
performance of Jc in the Type-II superconductors. Flux pinning strength in MgB2 is closely
associated with elementary pinning force and grain size. It was reported3, 4 that the elementary
pinning force depends on condensation energy, BCS, coherence length, and impurity
parameter. On the other hand, electrical connectivity is generally suppressed by voids, an
insulating oxide phase, and imperfect connection between grains. Yamamoto et al.5 treated this
issue as a percolation system, and showed that the electrical connectivity was described as a
function of the packing factor. Accordingly, a significant improvement might be achieved in
Jc, if one can enhance flux pinning strength at the same time with increase the grain
connectivity. However, it is actually difficult to balance the electrical connectivity and flux
pinning strength of MgB2 during preparation process. A variety of processing techniques have
been investigated to improve Jc in the MgB2 superconductors before, including irradiation6, 7,
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chemical doping8-14 and ball milling15-18. Among them, carbon doping is proved to be the most
effective way of improving Jc till now, especially at high fields9, 11. But all these techniques
have focused on enhancing flux pinning by engineering grain boundaries or introducing nanoimpurities and lattice defects, but have tended to neglect and even worsen the associated issues
of connectivity.
In particular, the corresponding issues of connectivity play a more vital role in determining Jc
performance in MgB2 wires for the reason that the low density within the filament cores has
been a serious obstacle in reaching high Jc values for in-situ MgB2 wires. In addition, the
reaction of magnesium and boron to form MgB2 involves a volume contraction that produces
a final density limited to about 50% of theoretical density (2.36 g/cm3)19. Consequently, the
typical effective cross-sectional superconductor area in MgB2 wire is only about 10%20. The
porosity of the wires strongly affects the electrical connectivity of the grains in the finished
wires, thus resulting in decreased wire performance.
Based on these backgrounds, it is of great importance to develop an effective way of improving
the mass density of MgB2 wires with the specific aim of increasing grain connectivity. On this
basis, then additional technique that can effectively enhance flux pinning strength need to be
employed to further improve Jc. In this way, excellent Jc can be expected to achieve in MgB2
wires, promoting its practical application. In present work, both cold high pressure
densification (CHPD) technique and hot isostatic pressure (HIP) techniques were developed
and applied to in-situ PIT MgB2 wires to increase mass density, and further grain connectivity.
Together with usage of carbon capsuled boron as precursor to increase flux pinning strength,
significantly improved Jc were obtained in our prepared MgB2 wires compared to all the PIT
MgB2 wires reported before.
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7.2 Experimental procedure
All wires were fabricated by the in-situ powder-in-tube (PIT) process. The starting Mg:B
atomic ratio was chosen to be 1:2. Mg powders with different particle sizes of 325 mesh, and
30–80 mesh (99.9%, 150 μm) were mixed with in-house carbon encapsulated amorphous boron
(B, 98%) powder (the C percentage is about 2.30 wt. %). The powders mixture was inserted
into a Monel with niobium (Nb) barrier, 8.5 mm in outer diameter and 5.5 mm in inner
diameter. Then the composites were drawn to an outer diameter of 1.0 mm. CHPD was applied
to all wires individually with the applied pressure of 1.5 GPa for core densification. To
complete this, a cold high pressure densification device for fabrication of dense MgB2 wire has
been designed and equipped, and the corresponding schematic diagram is present in Figure
7.1(a). One can see that high pressure on the wire is applied from four-sides via hard metal
anvils at room temperature using our home built device. After CHPD treatment, it was found
that cylinder wires have been deformed into cuboid wires with significant decrease of size.
Consequently, a sizable enhancement of the mass density in MgB2 wires can be obtained by
this cold high pressure densification, as reported in our previous studies21. After CHPD
treatment, HIP (about 1.4 GP in pressure) was applied to MgB2 wires using our home built
device. The pictures of this device are given in Figure 7.1(b). In this device, molten salt is used
as a pressing medium instead of gas. Particularly, liquid property of exerting pressure in all
direction equally is the key factor for choosing incompressible liquid. In this device long wire
can be easily sintered at desired temperature under specific eutectic mixture of salts (i.e. NaCl
and KCl) along with Boron Nitride (BN) additives. BN is used for its significant chemical
stability and plasticity. In this process, a long wire sample is kept inside the salt bed in a sealed
high pressure chamber (see Figure. 7.2 (b)). At desired temperature solid salt mixture melts in
the high pressure chamber. In this way, external force is applied into the liquid and the force is
directly transmitted to the wire homogeneously. The HIP was performed in at the Institute of
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High Pressure Physics (IHPP), Warsaw, Poland14, 24. The transport critical currents (Ic) of short
pieces (6 cm) of straight wires were measured against increasing magnetic field at the
International Laboratory of High Magnetic Fields and Low Temperature (ILHMFLM) in
Wroclaw, Poland. The Ic was measured with a four-probe resistive method in Bitter magnet at
the temperature of a liquid helium bath. The maximal available magnitude of magnetic field
was 14 T and maximal current was 150A. The Ic was determined on the basis of the 1 µVcm−1
criterion. The morphology and microstructure were investigated by scanning electron
microscopy (SEM) on a JEOL JSM-7500FA or Zeiss Ultra Plus microscope as well as
transmission electron microscopy (TEM). Electron energy loss spectroscopy (EELS; JEOL
ARM-200F) analysis was carried out for detecting carbon.

Figure 7.1 The schematic structures and pictures of our home-built CHPD and HIP devices
with (a) CHPD device and (b) HIP device.
7.3 Results and Discussions
Figure 7.2 presents the schematic diagram of MgB2 wires fabrication process and the
corresponding microstructure of boron or magnesium within the wires at different stages. As
shown in the TEM images of C encapsulated boron precursor in Figure 7.2(a), the boron
particles are very small (about 150~200 nm in size) and in amorphous state. Observing more
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carefully, it can be found that these boron particles are homogenously coated by some kind of
thin layer. Combined with EELS results, the coated layer is carbon-rich, which indicates that
carbon indeed mainly concentrates at the surface of B particles and capsulate them uniformly
during the pyrolysis process, as we expected. Compared to other techniques introducing carbon
doping, such as solid state mixing and the chemical solution route, the significant advantages
of using this C-encapsulated B as a precursor are that the high level of carbon doping can be
achieved more homogenously in final sintered MgB2 wires at low cost and the whole process
is precisely controlled in industry. Actually, we have investigated carbon doping introduced by
such C-encapsulated B precursor in our recent work22 and found that the actual level of carbon
substitution x in Mg (B1-xCx)2 is as high as 0.0307.

Figure 7.2 The schematic diagram of preparing process of MgB2 wires and the corresponding
microstructure of boron or magnesium within the wires at different stages.
The SEM images of elongated Mg in PIT MgB2 wires after drawing and CHPD treatment are
given in Figure 7.2(b and c). Obviously, the coarse Mg original particles in PIT wires are
gradually deformed into Mg fibers as the size of wires are decreased to final diameter by
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drawing. It is explained that magnesium is more ductile than boron, and during cold-working
the magnesium powder can be easily elongated along the wire direction, resulting in such
fibrous structure within the wire core. After CHPD process, this deformation of Mg is further
enhanced and the Mg fibers are elongated (see the element map of Mg within wires after CHPD
in Figure 7.2(c). Finally, the diameter of these Mg fibers can be reduced into approximate 40
μm. In that case, although voids can still form in the original position of elongated Mg fibers
after heating treatment due to the volume reduction as a result of chemical reaction between
Mg and B, their shape and direction are controlled and aligned along the wire direction, as
discussed in our previous work23. Consequently, the electrical current could percolate easily
with less hinder in such kind of microstructure and thus the electrical connectivity can be
improved obviously.
Figure 7.3 shows the microstructure of superconducting core within MgB2 wire after HIP
treatment. As a reference, the microstructure of superconducting core within the MgB2 wire
prepared using traditional sintering is also shown here. It is clear that the amount and size of
voids are both reduced and the sintering density is increased in the HIP MgB2 wire compared
to traditional sintered MgB2 wire (See Figure 7.3(a and b)). It can be understood that isostatic
pressure is employed synchronously with the reaction between Mg and B during HIP process,
which can compact superconducting core and compensate the whole volume shrinkage.
Besides, comparing Figure 7.3(c) with Figure 7.3(d), clear and regular lattices are observed
in the whole MgB2 grains in traditional heated wire while some locally modulated
nanostructure exist within MgB2 grains in the HIP wire. The presence of this modulated
nanostructure could be attributed to the micro strain resulting from HIP treatment. The size of
this kind of nanostructure (about 10 nm) is comparable to the coherence length of MgB2, and
thus can serve as flux pinning centers.
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Figure 7.3 The microstructure of superconducting core within MgB2 wire after HIP treatment.
As a reference, the microstructure of superconducting core within the MgB2 wire prepared
using traditional sintering is also shown here.
Based on above results, usage of coarse Mg particle as precursor, together with CHPD and HIP
treatment, are capable of dramatically increasing the mass density, decreasing the amount and
size of voids as well as design their shape and alignment. All these factors are beneficial to the
electrical connectivity. Moreover, carbon encapsulated amorphous boron precursor can
introduce sufficient and homogenous carbon doping as well as HIP treatment can introduce
some nano sized lattice distortions, which both contribute to the flux pinning strength.
Therefore, the Jc should be enhanced in the prepared MgB2 wires compared to traditional PIT
MgB2 wires. To confirm this, the transport critical current density (Jc) was measured and the
corresponding magnetic field dependence of transport critical current density (Jc) at 4.2 K for
the CHPD and HIP co-treated MgB2 wires with carbon encapsulated amorphous boron
precursor are illustrated in Figure 7.4.
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Figure 7.4 Magnetic field dependence of transport critical current density (Jc) at 4.2 K for the
CHPD and HIP co-treated MgB2 wires fabricated with small size Mg (325 mesh) and big size
Mg (30-80 mesh) with carbon encapsulated amorphous B powder.
As references, the magnetic field dependence of transport critical current density (Jc) for the
traditional PIT MgB2 wire, internal Mg diffused (IMD) MgB2 wire, only CHPD treated PIT
MgB2 wire and only HIP treated PIT MgB2 wire is also present in Figure 7.5. Obviously, the
values of Jc in CHPD and HIP treated MgB2 wires are much higher than traditional PIT MgB2
wire without any treatment, increasing approximately four times. The Jc performance of only
CHPD treated wire and only HIP treated wire are also both better than traditional MgB2 wire,
whereas inferior compared to CHPD and HIP Co-treated wire. This result suggests that both of
CHPD and HIP treatment indeed increase the mass density, enhance electrical connectivity and
thus improve Jc. However, only CHPD or HIP treatment is not sufficient to increase mass
density, collaborative effort of CHPD and HIP treatment can enhance the mass density more
effectively. Generally, CHPD treatment only compact the original particles in the PIT MgB2

123

wire, deform these particles and reduce the space between them, leading to the increase of
original packing density and filling factor. But it has little effect on the voids forming as a result
of the reaction between Mg and B during heating treatment. On the other hand, HIP treatment
can just make up this limitation of CHPD treatment and reduce such voids.

Figure 7.5 The magnetic field dependence of transport critical current density (Jc) at 4.2 K for
the CHPD and HIP co-treated MgB2 wires with carbon encapsulated amorphous boron
precursor. As references, the magnetic field dependence of transport critical current density
(Jc) for the traditional PIT MgB2 wire, internal Mg diffused (IMD) MgB2 wire, only CHPD
treated PIT MgB2 wire and only HIP treated PIT MgB2 wire is also present here. The insets are
the cross section of IMD MgB2 wire and MgB2 wire prepared in this work.
It is worth noting that the Jc performance of CHPD and HIP Co-treated PIT MgB2 wires in our
work is close to that of IMD MgB2 wires reported in previous studies24. Although the IMD
MgB2 wires exhibit the highest Jc values among all the MgB2 wires till now24, there are still
serious shortcoming for scaling-up this IMD 2G MgB2 wires in view of application. During
IMD process, the Mg diffuses into the B layer forming a hollow wire and only a thin layer of
MgB2 in the interior of the sheath tube (see its cross section in the inset of Figure 7.5). As a
result, their filling factor is very low (generally approximate 18%) and thus the corresponding
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engineering critical current density (Je) performance is not as noticeable as their Jc
performance. Moreover, their mechanical performance is inferior due to such hollow structure,
especially when twisting into coils that are essential to fabricate various practical
superconducting devices. On the contrary, the core of CHPD and HIP co-treated PIT MgB2
wires in our work is full of superconducting MgB2 solid and thus the filling factor is very high
(see its cross section in the inset of Figure 7.5). One can imagine that this structure in our
prepared wires possesses higher Je as well as better mechanical properties than IMD MgB2
wires.
7.4 Conclusion
Various technique including CHPD, HIP, usage of coarse Mg particles and carbon
encapsulated amorphous boron precursors were collaboratively employed to improve Jc
performance of PIT MgB2 wires in present work. Consequently, the best Jc performance was
obtained among all the PIT MgB2 wires reported before, due to the improved grain connectivity
and enhanced flux pinning strength. For one thing, usage of coarse Mg particle as precursor,
together with CHPD and HIP treatment, can effectively increase the mass density, decrease the
amount of voids as well as design their shape and alignment, which are responsible for the
improvement of the electrical connectivity. For another thing, carbon encapsulated amorphous
boron precursor is able to introduce sufficient and homogenous carbon doping, which
contributes to the flux pinning strength. Moreover, the CHPD and HIP devices were both home
built and conveniently operated at low cost, and large scale production of coarse Mg particles
and carbon encapsulated amorphous boron can be commercially viable at comparatively low
cost. This suggests that combination of these techniques could be a promising alternative for
industrial production of practical MgB2 wires with excellent Jc as the cost/performance of
MgB2 wires is superior.
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CHAPTER 8: CONCLUSION
In summary, we have systematically investigated the effect of co-doing with SiC and Al2O3,
carbon encapsulation technique, effect of CHPD with low cost crystalline boron, a synergetic
effect of CHPD and HIP on the critical current density of MgB2. The primary target of this
thesis is to delineate a comprehensive method of improving critical properties of MgB2 by
intrinsic and extrinsic approach.
We have successfully synthesized pure and nano-Al2O3 + SiC co-doped MgB2 polycrystalline
bulks and wires. A systematic decrease in a-axis lattice parameter and Tc in co-doped samples
with increasing SiC doping level was observed. The co-doped sample with the composition of
2 wt% Al2O3 + 1 wt% SiC in both bulk and wire samples show the best in-field Jc (B)
performance at operating temperatures ranging from 4.2 K to 25 K due to the carbon
substitution and better grain connectivity. The value of B(104) [the field at which Jc = 104 Acm2

] was enhanced from 7.6 T to 9.8 T in the co-doped wire. This result is very interesting from

the view point of low-field magnet applications.
In case of bulk, fabricated with in-house carbon-encapsulated boron powders with different
carbon contents enhanced magnetic Jc, with the highest value of 104 Acm−2 at 9.47 T, 5 K. The
reason behind the improved high field Jc and pinning force is that the enhanced grain boundary
pinning and homogeneous carbon distribution in the carbon-doped samples increase the Mg
and B reactivity, and at the same time, restrict the grain growth of the reacted MgB2. These
results indicate that carbon-encapsulated amorphous boron could be a promising alternative for
industrial production of practical MgB2 bulks or wires with excellent Jc, as large-scale
production can be commercially viable in terms of cost-effectiveness. The performance of
MgB2 bulk was enhanced intrinsically through a suitable and effective doping method. The Jc
performance at high fields is mainly governed by Bc2 and the flux pinning, and therefore, it
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improves with increasing doping level up to certain level.

Figure 8.1 Comparison of Jc versus B characteristics at 4.2 K of LIMD wire with two steps
densification (HIP + CHPD) and those of other existing MgB2 and commercial
superconductors.
Extrinsic approaches have also been studied to enhance in-field performance. From the point
of economic feasibility and effectiveness in large scale applications, the most economical
fabrication route and an alternate solution to the IMD method for the development of high
performance, cost-effective in-situ PIT wires for industrial application have been investigated.
The transport Jc of CHPD treated MgB2 wires made from crystalline boron and large-size Mg
shows the best performance among the other wires in this study. The possible reason for
increased Jc may be the flat, directional, and elongated voids that arise after heat treatment from
large size ductile Mg during the cold working process. The core is densified by the application
of CHPD without any severe deterioration of the filament inside the wire. The most noticeable
point in this study is that such a good quality binary conductor using cheaper crystalline boron
and large-size Mg can be equally useful and cost effective for industry, even without the use
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of nanoparticle dopants.
Effects of two steps densification on wire performance have been investigated in combination
with carbon doping. Superior transport Jc was obtained in this method. Combined effect of
CHPD and HIP facilitates void reduction and grain connectivity in MgB2 wires made with large
size Mg particle. In the first step of densification of the unreacted wire by CHPD, mass density
of (Mg + 2B) was increased and in the second stage densification process during the reaction
further enhancement density was resulted (see Figure 8.1). The fibrous structure of large Mg
assists in the effective densification. In this new investigation, at 4.2 K, the Jc value was 10,000
Acm−2 at close to 14 T which is comparable to 2G IMD wire. The advantages of this CHPD
and HIP treated LIMD wire over IMD wire is that there is no hollow structure inside the wire.
A highly dense wire with enhanced mechanical durability can be fabricated by this method,
which is desirable for large scale application.
In conclusion, it can be said that the in-field performance of MgB2 conductor can be increased
in a two disparate ways. High filed performance can be enhanced through effective carbon
doping and low field performance can be increased by introducing pressure. In a combined
method of carbon doping and high pressure technique overall field performance can be
increased.
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